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Abstract 
Flux Response Technology (FRT) is a powerful in situ perturbation method, which 
can be used to measure minuscule changes in pressure that correspond to transient 
flowrates of the order of 10'^  jul.min' between two gas lines for potentially any 
gaseous process involving a change in volume {dV/dt). The configuration of the FRT 
method is based on an electrical Wheatstone bridge assembly, consisting of a system 
side and reference side, in which gas molecules represent electrons, and flow setting 
and flow sensing capillaries represent resistors. A perturbation of pressure, 
temperature, but particularly of concentration causes an imbalance on the system side, 
which is measured directly by a very sensitive differential pressure transducer (DPT). 
FRT has the unique ability to act as a dual flowrate and composition detector by using 
delay lines to separate changes in flowrate caused by a perturbation of concentration 
and changes in composition. FRT can provide a simple, inexpensive, highly accurate 
method for the in situ characterisation of material properties for an extensive range of 
gaseous processes. 
Designing, commissioning, and modifying the FRT apparatus has facilitated the 
investigation of the dynamics of gas sorption processes on adsorbents under 
isothermal conditions. The dynamics of nitrogen adsorption on aluminium oxides 
with varying surface areas was investigated at 77 Kio quantify their surface areas. For 
aluminium oxide with low surface area, the BET surface area measured using FRT 
was 0.24 and the nominal surface area was 0.25 m^.g\ whereas there was a 
percentage difference of 30 % between the BET surface area measured using 
Micromeritics ASAP and the nominal surface area. The dynamics of ammonia 
sorption on zeolites (ZSM-5 and ferrierite) with different Si/Al ratios was investigated 
to determine the total number of acid sites. The characterisation of gas permeabilities 
of polymeric membranes was investigated using FRT. When measuring hydrogen 
crossover across proton exchange membranes, comparison between Nafion® 
membranes (DuPont^ ^"^) and fumapem® membranes (FuMA-Tech) revealed that 
fumapem® F-1050 exhibited the lowest hydrogen permeability at 0.356 ± 0.047 
barrer. The measurement of oxygen permeabilities of soft contact lenses was also 
studied. 
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Chapter 1: Introduction 
1.1. Background 
Catalytic innovations have instrumentally transformed the path of 20^ century history. 
The battle for political power in World War I brought about revolutionary technologies 
such as the Haber process used for ammonia synthesis over iron or ruthenium enriched 
catalysts. The advent of World War II saw Allied Forces depend on fluid catalytic 
processes for the supply of jet fuels. After 1945, the demand for energy and the 
discovery of vast oil fields in the Middle East required catalytic processes to transform 
crude oils into transportation fuels, chemicals, and distillates. The pioneering growth of 
catalytic processes resulted in the availability of cheap energy sources, which has 
instigated global economic and political development (Lindstrom and Pettersson, 2003). 
In the 1950s, the transportation sector underwent a revolution with the proliferation of 
automobiles and the expansion of airline travel. Individuals enjoyed unparalleled 
freedom of movement, which substantially contributed to the growth of industries, 
urban centres, and leisure activities. Fuelling the modes of transportation were cheap, 
but highly polluting fossil fuels. The negative impact of cheaply available fossil fuels 
spurred research into environmental catalysts that reduce pollution from nitrogen oxides 
(NOx) and sulphur oxides (SOx) in the 1970s. One such technology includes Selective 
Catalytic Reduction (SCR) used to reduce NOx emitted from stationary power plants 
and mobile applications such as large ships. Elsewhere the commercial membrane 
industry emerged in the 1960s with reverse osmosis membranes used for wastewater 
and desalination treatment. Membrane technologies also play a critical role in 
petrochemical processes including the production of bulk organic chemicals and gases. 
Today ninety per cent of the world's industrial chemicals are manufactured with the 
help of a catalyst (Armor, 2010). Chemical manufacturers endeavour to develop 
economical production processes by employing catalysts to augment yield and 
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selectivity. The global demand for catalysts is projected to reach $16.3 billion by 2012. 
Membrane technologies are also becoming increasingly important, where the membrane 
market is primarily driven by the need to improve water treatment technologies to meet 
increasingly stringent environmental regulations. In 2012, the global membrane market 
is projected to reach $15 billion (Freedonia, 2009). 
Delivering a secure energy future for an estimated global population of nine billion 
people by 2050 is one of biggest challenges now facing the world. The enormous 
enviroimiental issues include reduction of carbon dioxide (CO2) emissions, 
development of renewable energy resources, and improvements in water accessibility, 
air quality, and biodiversity. Science and engineering, once again, has to evolve to cope 
with a new generation of challenges. Technological innovation will require the 
development of novel materials particularly catalysts and membranes. 
Many aspects of modem day life have been made possible by developments in material 
science. Material science enables the transformation of raw materials into sophisticated 
engineered products. At every stage of the material cycle, scientists and engineers have 
sought to understand and tailor the properties of materials to suit a particular 
application. The field of understanding material properties is known as material 
characterisation. Material characterisation methods are used to measure the properties of 
materials in a quantitative and qualitative manner. The development of material 
characterisation methods hugely influences scientific and technological development, 
economic growth, and societal issues. Material characterisation methods aim to analyse 
and measure material properties using a defined testing procedure. The concept of a 
generic characterisation method is presented in Figure 1-1. Figure 1-1 demonstrates a 
general methodology for material characterisation methods, which is segmented into 
three sections. The first stage defines the measurement, which describes the operational 
procedure to determine the value of a defined quantity (also known as the material 
property). The second stage is the testing procedure, which is used to define the 
experimental procedure to investigate the material property. The final stage is the results 
output, which shows the characterisation of the properties and attributes. The results can 
be produced by analysis, measurement, testing, modelling, or simulation. 
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Measurement 
Set of operations for 
the purpose of 
defining the value of 
the quantity 
K 
Natural or 
synthetic 
substances 
Testing 
Technical procedure 
consisting of the 
determination of 
attributes, in 
accordance with testing 
procedure 
Results 
Methods include analysis, measurement, testing, modelling, and 
simulation, which results in the characterisation of a material by 
quantities and attributes. 
Figure 1-1: General methodology for material characterisation methods (Czichos et al., 2006) 
Surface science methods such as X-ray photoelectron spectroscopy have been 
extensively used to characterise heterogeneous catalysts because they provide an 
enormous amount of information about structural and electronic properties on a 
catalyst's surface. However, understanding the characteristics of a surface does not 
necessarily improve the knowledge of catalysts because experiments are often 
undertaken under impractical operating conditions. These impractical operating 
conditions are commonly known as the pressure and material gaps. The challenge of 
bridging the pressure and material gaps has received significant attention in the 
literature. Indeed, in 2007, the Journal of Physical Chemistry Chemical Physics 
dedicated an entire special issue to bridging the pressure and material gaps in 
heterogeneous catalysis (Imbihl et al., 2007). The pressure gap is defined as the 
difference of 13 orders of magnitude between UHV experiments and typical industrial 
applications. In addition, the material gap is defined as the difference between the 
behaviour of single crystal surfaces and catalysts used for industrial processes. 
Bridging the pressure and material gaps is a challenging issue for the scientific and 
engineering communities. Alongside solving issues related to impractical operating 
conditions, it is important to consider other desirable features of material 
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characterisation methods. Therefore, to analyse the desirable attributes of material 
characterisation methods the following points have been outlined: 
• Real time measurement; Real time measurement provides an accurate 
understanding of material properties under transient conditions. Real time 
measurements are carried out by the use of in-situ methods. In-situ methods 
eliminate the need to infer the material behaviour and allow the detection of 
additional characteristics, which may not be measured by the use of static 
techniques. 
• Operating conditions: Material characterisation methods should be capable of 
operating across a wide range of operating conditions such as extreme temperatures 
and pressures. The broad range of operating conditions ensures that materials can be 
tested under industrial process conditions. 
Ease of operation: From the end-user perspective, material characterisation 
methods should be relatively simple to operate. Automation and the ability to 
operate methods remotely can offer significant flexibility for the operating personnel 
and experimental scheduling. 
Speed: Fast and multiple experiments are essential for screening purposes 
particularly when there is a high throughput of samples. 
Resolution: High resolution ensures precision and accuracy of the measurement. 
Furthermore, high resolution methods enable the investigation of sensitive process 
conditions. 
Mass of the sample: Material characterisation methods should have minimal mass 
limitations to enable the measurement of bulk samples. 
Excellent reproducibility: In order to undertake systematic experiments, material 
characterisation methods need to be highly reproducible. Excellent reproducibility 
would aid the understanding of minuscule changes in material properties. 
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• Lack of calibration: Most material characterisation methods will require a degree 
of calibration of the instrument's components such as the detector. However, 
minimal calibration offers the key advantage of simplicity. 
• Complementary methods: The use of multiple characterisation methods allows 
greater understanding of material properties. Accordingly, it is desirable for 
characterisation methods complement existing techniques by having the ability to 
act as an 'add-on' method. 
• Simplicity of data interpretation: Data interpretation methods should be robust 
and accurate by minimising the possibilities of errors. 
Type of measurements: Material characterisation methods should be able to 
measure a range of processes, properties, and experimental regimes. 
The design and construction of a characterisation method that embodies all those 
desirable characteristics is a massive academic, intellectual, and practical challenge. The 
need for the development of in-situ characterisation methods that operate at industrial 
process conditions is paramount for innovative material development. Consequently, the 
central aim of this PhD is to explore the development of a universal tool for material 
characterisation using an in-situ perturbation method known as Flux response 
technology (FRT). The principle of FRT, an in-situ perturbation technique, is based on a 
very sensitive pneumatic Wheatstone bridge assembly measuring very minuscule 
changes in flowrate that can be caused by perturbations of concentration, temperature, 
or pressure. The specific research objectives are; 
• Design, build, and commission three FRT apparatuses to characterise gas adsorption 
and membrane processes using the theoretical concepts and principles of FRT. 
These apparatuses should attempt to bridge the pressure and material gaps. 
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Develop an experimental methodology to investigate the dynamics of nitrogen 
sorption on aluminium oxides with varying surface areas at 77 K to characterise 
surface areas. 
Develop an experimental methodology to investigate dynamic ammonia sorption on 
zeolites with different Si/Al ratios under isothermal conditions to characterise 
surface coverage and the total number of acid sites. 
Develop an experimental methodology to measure gas permeation of single 
component and binary component gas mixtures across dense polymeric membranes 
such as proton exchange membrane electrolytes used for fuel cell applications and 
food packaging films. Furthermore, design and build a permeation cell for dense 
polymeric membranes, which can be integrated into the FRT apparatus. 
Develop an experimental methodology to measure the oxygen permeabilities of soft 
contact lenses by designing and building a contact lens permeation cell that can be 
integrated into the FRT apparatus. 
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1.2. Thesis Structure 
In order to explore the research aims and objectives, the thesis structure is presented in 
Figure 1-2. 
Chapter 1: Introduction 
i 
Chapter 2: Lito 'ature review 
i 
Chapter 3: Flux response technology 
Chapter 6: 
Measurement of gas 
permeabilities of 
polymefic 
membranes 
C h ^ t e r 5 ; 
Dynamics of 
ammonia sorption 
on zeolites with 
different Si/Al ratios 
Chapter 7: 
Measurement of 
oxygen 
permeabilit ies o f sof t 
contact lenses 
Chapter 4: 
Dynamics of nitrogen 
sotption on 
aluminium oxides fo r 
tibe determination of 
surface area at 77 AT 
Chapter 8: Conclusions and recommendat ions 
Figure 1-2: Thesis structure 
In Chapter 2, a literature review of dynamic and static characterisation methods 
used for gas adsorption and membranes processes is presented. 
In Chapter 3, the principles, theories, and materials of construction of generic 
FRT apparatuses are discussed. This chapter also undertakes a critical literature 
review of the previous applications of the FRT, particularly analysing the 
experimental configurations. 
In Chapter 4, the dynamics of nitrogen sorption on aluminium oxides for surface 
area determination is investigated. 
In Chapter 5, the dynamics of ammonia sorption on zeolites with varying Si/Al 
ratios for the quantification of the total number of acid sites is investigated. 
In Chapter 6, the measurement of single component and binary component 
permeation across polymeric membranes such as proton exchange membrane 
electrolytes used for fuel cell applications and food packaging film is explored. 
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In Chapter 7, the measurement of oxygen permeabilities across soft contact 
lenses is investigated. 
In Chapter 8, the conclusions and recommendations of the project are evaluated. 
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Chapter 2: Literature Review 
on Characterisation IVIethods 
used for Gas Adsorption and 
Membrane Processes 
Characterisation methods play an invaluable role in understanding materials and 
processes used in chemical engineering and chemistry. The purpose of this literature 
review is to provide an overview of the key static and dynamic characterisation methods 
used to measure gas adsorption and membrane processes. Due to the plethora of 
characterisation techniques, it is important to define the scope of the literature review at 
the outset. For gas adsorption processes, the literature review concentrates on the 
measurement of surface areas and surface acidities of adsorbents. For membrane 
processes, the review examines methods employed to determine gas permeability for 
PEM (proton exchange membrane) fuel cell electrolytes, food packaging films, and 
contact lenses. Consequently, literature has been specifically selected to demonstrate 
these themes. 
Classifying characterisation techniques is complex. The objective of the literature 
review is not to fully categorise all the characterisation techniques used for gas 
adsorption and membrane processes. However, attempts have been made to group 
together similar techniques thematically. A schematic of the outline of the literature 
review is presented in Figure 2-1. The first section outlines the theories of gas 
adsorption processes. The second section examines the main types of gas adsorption 
methods, which are categorised as volumetric, gravimetric, oscillometric, 
thermochemical, and other dynamic methods. The third section discusses the main 
theories associated with gas separation membranes and PEM fuel cells. The forth 
section examines characterisation techniques used to measure gas permeabilities of 
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polymeric membranes. The final section presents a comparative analysis for the 
characterisation techniques discussed in the chapter. 
Characterisation methods used for gas adsorption and 
membrane processes 
/ \ 
Gas adsorption Membrane processes 
i i 
1 
Review of gas adsorption Review of methods used to 
characterisation methods measure membrane 
Volumetry Gravimetry permeabilities 
Oscillometry Thermochemical ASTM D-1434 (time-lag method) 
methods Other dynamic Electroanalytical methods Gas 
methods chromatography 
Applications of gas adsorption Measurement of membrane fluxes 
characterisation metliods 
i i 
i 
Proton Food soft 
Specific surface area Surface exchange packaging contact 
determination by acidities membranes films jenses 
nitrogen adsorption used for PEM 
at 77 K zeolites cells 
Comparative analysis using the criteria for the desirable attributes of 
characterisation methods discussed in Chapter 1 
Figure 2-1: Outline of the literature review 
2.1. Gas Adsorpt ion Processes 
2.1.1. Theoretical Concepts 
2.1.1.1. Gas Adsorption: Physisorption and Chemisorption 
Gas adsorption is a term used to describe the formation of an adsorbed layer caused by 
the distribution of gas molecules between a solid phase and a gas phase. Gas adsorption 
phenomena can be classified as physisorption (physical adsorption) and chemisorption 
(chemical adsorption). Physisorption occurs when a gas molecule (adsorbate) reaches a 
specific distance within the nuclear radius of an adsorbent and the gas molecule 
becomes trapped by relatively weak van-der-Waals forces. The strength of 
physisorption increases at lower temperatures especially when the adsorbate is in the 
liquid phase. 
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Any adsorption process causes a release of heat that can be quantified by the heat of 
adsorption. For physisorption, the heat of adsorption is approximately the same order of 
magnitude as the heat of condensation. At the molecular level, molecules are distributed 
between the solid phase of an adsorbent and the gas phase of the adsorbate. The 
distribution of molecules depends on the competition between the repulsion of the 
electron cloud surrounding the gas molecules and the nuclear attraction forces of the 
adsorbent. Due to the weak forces of attraction, the process can be readily reversed by 
desorption under vacuum, a purge gas, or high temperature (Ruthven, 2000, Chikazawa 
and Takei, 2006a, Knaebel, 2008) 
At equilibrium, the amount of gas adsorbed onto a solid surface {v) is a function of 
pressure , and temperature ( ^ ) . A fixed temperature allows the determination of an 
adsorption isotherm because the amount of gas adsorbed is only a function of partial 
pressure. An adsorption isotherm is a measure of the molar quantity of gas adsorbed or 
desorbed at a constant temperature on a clean surface as a function of gas pressure and it 
is the principal investigative tool used to determine surface area and pore size 
distribution of adsorbents. A summary of the interpretation of physisorption isotherms 
is given in Appendix A. 
In heterogeneous catalysis, chemisorption is the dominant adsorption mechanism 
(Ruthven, 2000). Chemisorption occurs when there are strong forces of attraction 
between the adsorbate and the surface of the adsorbent resulting in electron transfer. 
Electron transfer causes bond formation between the adsorbate and the solid surface. 
Chemisorption processes typically involve heats of adsorption of up to 800 kJmor', 
which is approximately the same order of magnitude as the heat of reaction (Webb and 
Orr, 1997). Due to the strong bond formation, chemisorption is difficult to reverse 
without the application of external energy. Unlike physisorption, the strength of 
chemisorption increases with higher temperatures. 
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2.1.1.2. Adsorption Equilibria 
Adsorption equilibrium is a dynamic concept that equates the rate of adsorption of an 
adsorbate onto a surface to the rate of desorption. There is no single isotherm that can 
be used to describe all sorption phenomena, therefore, many adsorption equilibrium 
theories have been developed. These theories are mostly based on three different 
approaches, which are: 
i. The Langmuir approach: The Langmuir approach is a classical adsorption theory 
developed in 1918. This approach is a kinetic based model that assumes the rate of 
condensation equates to the rate of desorption at dynamic equilibrium. There is 
widespread use of the Langmuir approach for data correlation purposes such as 
surface area determination of porous materials. Therefore, the subsequent sections 
will detail key models associated with the Langmuir approach. 
11. The Gibbs approach: The Gibbs approach is an alternative theory that considers 
the behaviour of adsorbed layers as liquid films. This model assumes that adsorbed 
molecules have the freedom to move over the surface of the adsorbent and the 
adsorbed layers can be described by a two-dimensional equation of state, therefore, 
classical thermodynamic equations are applicable. 
ill. The potential theory: The potential theory assumes that a potential field causes a 
gradual concentration of gas molecules towards a solid surface. Furthermore, the 
potential theory assumes that there is a relationship between the sorption potential, 
the saturation pressure for liquefaction, and the volume of the amount of gas 
adsorbed. This relationship is independent of temperature, hence, an isotherm can be 
determined. 
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2.1.1.3. Langmuir Isotherm 
The simplest form of the Langmuir-type isotherm assumes monolayer adsorption on a 
homogeneous surface. The Langmuir isotherm can be used to describe physisorption 
and chemisorption processes. One of the key assumptions of the Langmuir isotherm is 
that gas molecules are considered inelastic. Moreover, weak van-der-Waals forces of 
attraction allow gas molecules to remain momentarily attached to a homogenous surface 
before returning to the gas phase. Other assumptions of the Langmuir isotherm include 
the adsorbed molecules are located at definite sites, each adsorption site is associated 
with one molecule, the energy of adsorption is constant across all sites, and there is no 
interaction between adjacent adsorbed molecules (Webb and Orr, 1997). The Langmuir 
isotherm expressed in terms of partial pressures for gas phase adsorption is described by 
Equation 2-1. 
. N C b,P 2 -1 
Where: 
6 is the fraction of monolayer coverage 
N^ is the total number of accessible adsorption sites 
N is the number of sites that are currently occupied. This factor incorporates the 
adsorption temperature and the activation energy of chemisorption {E^ 
C is the concentration of the adsorbed phase 
Cyis the concentration of the adsorbed phase when the monolayer is complete 
P is the partial pressure of the adsorbate in the gas phase 
is the thermodynamic empirical equilibrium constant, which is defined by equation 
2-2. 
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where, a is the sticking probability for adsorption, P is the rate constant for desorption, 
m is the mass, k is the Boltzmann constant, T is the temperature, R is the gas constant 
At low concentrations, the adsorption isotherm approaches a linear form and the 
limiting slope in the low concentration region is known as Henry's law constant. 
Equations 2-3 and 2-4 express Henry's constant and its temperature dependence via the 
van't Hoff equation. 
K'=b,V, " 
lim 
^ , 2-4 
=K' = 
p->o V ^ / r 
Where, IC is Henry's constant, Vs is the monolayer capacity, ^  is the preexponential 
factor, —Affg is the limiting heat of adsorption, R is the gas constant, and T is 
temperature. 
To derive the Langmuir isotherm at dynamic equilibrium, the rates of condensation 
(adsorption) and evaporation (desorption) are equated. For physisorption, the rate of 
adsorption per unit surface area is shown in equation 2-5 
=av(l-^) 
Where, « is the sticking probability, y is the collision frequency of the molecule 
striking the surface, which is governed by the kinetic theory of gases (see equation 2-6), 
and 6 is the fractional coverage. 
p 2 -6 
Where, k is the Boltzmarm constant and m is the mass of the molecule. 
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For physisorption, the rate of desorption per unit surface area can be described by 
equation 2-7. 
2-7 
In equation 2-7, is the rate constant for adsorption a n d ^ is the activation energy 
for desorption that equals the heat of adsorption ( ^ ) for a physically adsorbed species. 
2.1.1.4. BET Isotherm 
The BET isotherm is an extension of the Langmuir isotherm to multilayer adsorption 
and it assumes gas molecules exhibit inelastic behaviour, which inhibits their 
movement. The model was developed to take into account the changing shape of the 
isotherm when an adsorptive gas is below its critical temperature and it is widely used 
to describe physisorption processes. The premise of the model is that each adsorption 
site can be occupied by 0 to i adsorbate molecules, where i is considered to approach 
infinity. For the first layer, the main assumption is the rate of condensation on the empty 
sites equates to the rate of desorption from the sites covered by a single layer of 
adsorbate molecules. Beyond the first layer of adsorption, another assumption of the 
BET model includes constant heat of adsorption, which equals the heat of liquefaction. 
Furthermore, the ratio of the adsorption and desorption remains constant for subsequent 
layers. The governing equation for the BET isotherm is shown in equation 2-8. 
y.hP 
where, V is the total volume adsorbed , Vg is the volume of the monolayer 
b oc exp ~ is a constant, p is the pressure, PQ is the saturation pressure of the gas, 
RT 
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is the heat of adsorption of the first layer, and (Ji is the heat of liquefaction of the 
adsorptive gas. 
When using the BET model for surface area determination the isotherm must be in the 
linear range, where partial pressures range from 0.05 to 0.35 (Webb and Orr, 1997, Sing 
et al., 1985). Rearranging the BET model into a linear form allows the determination of 
surface area of adsorbents. The linearised form of the BET isotherm is shown in 
equation 2-9 
1 b j - l 
- + ^ 
/ - \ 2-9 
p 
V-" 0 y 
2.1.1.5. Freundlich and Temldn Isotherms 
The majority of chemisorption processes can be described by the Langmuir isotherm. 
However, the Freundlich and Temkin isotherms can be used to describe surfaces with 
variable energies of adsorption. Variable energies of adsorption typically occur on 
heterogeneous surfaces. Equations 2-10 and 2-11 show the Freundlich and Temkin 
isotherms respectively. 
N / \ 2 -11 
— = Bln(XP) 
where, N is the quantity adsorbed, Ns is the monolayer capacity, Ap is a constant 
dependent on temperature, m is constant, and B and K are constants independent of 
temperature. 
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2.1.2. Characterisation Methods used for Gas Adsorption Processes 
2.1.2.1. Volumetric Methods 
Volumetric or, more precisely, manometric methods are well established experimental 
techniques used to measure gas adsorption on solid surfaces. Examples of 
manufacturers who supply modem commercial instruments based on volumetric 
principles include Micromeritics Instrument Corporation and Quantachrome 
Instruments. The basic components of a typical volumetric adsorption experiment 
includes a storage vessel, an adsorption chamber, an expansion valve, and a vacuum 
pump (see Figure 2-2). The experimental procedure involves evacuation of the storage 
vessel containing the sorbent sample and then expansion of the sorptive gas into that 
vessel. Following this, the expanded sorptive gas is partially adsorbed onto the surface 
of the sorbent sample until thermodynamic equilibrium is achieved inside the vessel. 
Thermodynamic equilibrium is indicative of constant temperature and pressure. After 
thermodynamic equilibrium has been reached, the mass of sorptive gas adsorbed onto 
the sorbent sample can be determined by a molar balance assuming an equation of state 
such as the ideal gas law (Keller and Staudt, 2005). 
Gas supply 
o— 
Vacuum 
Pump Adsorption Chamber ii 
Storage Vessel 
Thermostat 
Figure 2-2: A schematic of the experimental setup for the volumetric measurement of pure gas 
adsorption equilibria consisting of a storage vessel, adsorption chamber, expansion valve, and a 
vacuum pump (Keller and Staudt, 2005) 
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Simplicity is a key advantage of volumetric methods because the main components of a 
typical experimental apparatus are simple to set up and operate. Consequently, many 
volumetric methods can be automated and operated remotely. Other advantages include 
a wide range of operating conditions such as the ability to carry out experiments in 
corrosive environments and at sub ambient conditions. Although volumetric methods 
are extensively used to measure adsorption equilibria, there are number of 
disadvantages that need to be considered. The first drawback is the measurement of 
accurate adsorption equilibria often requires several grams of sorbent material. Thus, 
volumetric methods can be unsuitable for measuring very small amounts (few 
milligrams) of sorbent materials or sorbent materials with small surface areas. The 
second drawback is the achievement of thermodynamic equilibrium is difficult to 
predict for manually operated systems. Consequently, the amount of time between 
opening the expansion valve and taking the instrument readings can be subjective. The 
third drawback is sorptive gas may adsorb onto the walls of the sorption vessel, which 
may cause uncertainties in the measurements. To reduce the uncertainties caused by 
wall sorption effects, calibration experiments should be undertaken. The fourth 
drawback is vacuum systems are often prone to gas leakages and system outgassing. 
Finally, volumetric measurements do not provide kinetic information. 
2.1.2.2. Gravimetric Methods 
Gravimetry is a widely established method to investigate the sorption of gases on 
porous materials. Due to significant advancements in the sensitivity of microbalances, 
gravimetric methods can be used to characterise porous materials, measure adsorption 
equilibria, and examine adsorption kinetics. There are several advantages associated 
with gravimetric methods such as high accuracy, excellent reproducibility, and precise 
measurement of sorption data as the system approaches equilibrium because 
commercial microbalances have electronic displays. Electronic displays also facilitate 
measurement of very small amounts of sorbent materials, which is particularly 
beneficial for material development purposes. Other advantages include the fact that 
kinetic studies can be easily carried out because microbalances can record data in small 
intervals of time and some microbalances such as the Rubotherm magnetic suspension 
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balance can operate at extreme pressures. The fundamental disadvantages of gravimetric 
instruments include expensive capital cost and the need for various calibration 
experiments. Calibration experiments are required because gravimetric instruments 
measure the difference between the adsorbed mass and buoyancy because the gas 
displacement causes a buoyancy force, which reduces the weight of the samples by 
exactly the mass of the displaced gas (Keller and Robens, 2003, Keller and Staudt, 
2005, Lowell and Shields, 1991). In order to investigate binary adsorption equilibria and 
kinetics, volumetric and gravimetric methods are often combined because they offer 
quick and accurate measurements. An excellent review of combined volumetric and 
gravimetric methods is given by Keller and Robens (2003). 
Examples of commercial gravimetric instruments include the Cahn microbalance and 
the Rubotherm© magnetic suspension balance: 
• Cahn Microbalance 
The Cahn microbalance is a transient response gravimetric technique used for the 
determination of adsorption isotherms by measuring the increase in weight and forces 
up to 3.5 g with a sensitivity to detect changes of 0.1 (Rees et al., 2001). The 
exposure of the adsorbent to a dose gas enables the measurement of an adsorption 
isotherm. A desorption isotherm is constructed by the removal of small incremental 
amounts of adsorbate gas. One of the limitations of the Cahn microbalance is the 
temperature range. However, this limitation can be overcome by separating the balance 
from the system so higher operating temperatures can be achieved. When a sample is 
measured using a Cahn microbalance, measurements are usually undertaken at 
atmospheric pressure. 
• Rubotherm© Magnetic Suspension Balance 
The Rubotherm© magnetic suspension balance (MSB) is an in situ gravimetric 
instrument that can measure adsorption equilibria of pure gases and binary gas mixtures. 
A schematic of a typical experimental configuration of the MSB is presented in Figure 
2-3. The configuration of the MSB shows separation of the sample and the measuring 
atmosphere from the sensitive microbalance. Normal atmospheric conditions protect the 
sensitive microbalance, whilst the sample can be exposed to adverse conditions such as 
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toxic gases, and extreme temperatures (-196 to 1550 °C) and pressures (UHV to 50 
MPa). Another important aspect of the experimental configuration is the electromagnet 
and permanent magnet pair. The permanent magnet is located inside the measuring cell, 
where it holds the sample. The function of the electromagnet is to attract the permanent 
magnet through the wall of the measuring cell. Following the attraction of the 
electromagnet and permanent magnet pair, the sample is freely suspended inside the 
measuring cell and measurement of mass and mass changes can be carried out. 
Electromagnet, 
'Balance 
Permanent 
magnet 
Sensor 
coil 
^Sensor core 
— Measuring load 
decoupling 
Sample 
Figure 2-3: Schematic of the magnetic suspension balance consisting of a balance, an electromagnet 
and permanent pair, sensor coil, sensor core, and measuring load decoupling 
2.1.2.3. Chromatographic Methods 
Gas chromatography is a separation technique that encompasses all separation methods 
in which the moving phase is gaseous. The gaseous phase is used to transport the 
solutes along the column and the residence time of the solutes is affected by the vapour 
pressure, which, in turn, is affected by temperature and intermolecular forces of 
attraction between the solutes and the stationary phase. A characterisation method based 
on principles of gas chromatography used for adsorption studies includes inverse gas 
chromatography. 
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• Inverse Gas Chromatography 
Inverse gas chromatography is a dynamic characterisation technique that can be used to 
measure several properties of porous materials including sorption isotherms, surface 
energy, free energy, heat of sorption, and surface heterogeneity. Similar to gas-solid 
chromatography, inverse gas chromatography (IGC) involves the use of a packed 
column of porous material and probe molecules, however, the fundamental difference is 
the stationary phase is under investigation. 
An IGC experiment involves injection of probe molecules. At the sample, the injection 
of probe molecules causes adsorption followed by desorption causing an overall 
retention in the column. The main types of information obtained from IGC experiments 
are retention time and dead time (Thielmann, 2004). Retention time is defined as the 
elapsed time between the injection of probe molecules and the time of elution of the 
peak maximum and dead time is defined as the time taken by probe molecules to travel 
through the system without interaction. Conversion of the retention time into a retention 
volume allows the determination of several physico-chemical properties such as heat of 
sorption, uptake of physisorption and chemisorption, and activation energy of diffusion. 
Typical chromatographic detectors include thermal conductivity detectors (TCD) and 
flame ionisation detectors (FID), and mass spectrometers when two or more probe 
molecules are simultaneously injected into the system. Thermal conductivity detectors 
offer high versatility, but limited sensitivity. In comparison, flame ionisation detectors 
(FID) are very sensitive, however, they are usually limited to use with organic systems 
(Thielmann, 2004). 
2.1.2.4. Oscillometric Methods 
Oscillometric techniques are relatively new methods used to investigate the sorption of 
gases on porous solids. These techniques measure the inertia of masses against 
acceleration. When using oscillometric techniques for gas adsorption measurements, it 
is important to understand that only small changes in mass occur due to adsorption and 
the sorptive gas atmosphere surrounding the sorbent can cause additional damping to 
the motion of the sample depending on the viscosity of the gas. Consequently, 
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calibration measurements need to be undertaken to correct for the viscosity effect. 
Examples of oscillometric methods include the Tapered Element Oscillating 
Microbalance (TEOM) and the Quartz Crystal Microbalance. 
• Tapered Element Oscillating Microbalance 
The TEOM (tapered element oscillating microbalance) 1500 Pulse Mass Analyser is a 
micro reactor that consists of a high resolution inertial balance. A schematic of the 
experimental setup is given in Figure 2-4. The system is used to measure transient 
changes in mass due to gas solid interactions. The tapered element has a dual function 
of constraining the sample in the test bed at the lower end and establishing the mass of 
the test material. The reactive gases are fed into the system via a continuous or pulsed 
method. A high mass resolution can be achieved at temperatures emd pressures up to 
500 °C and 50 atmospheres, respectively. To avoid the recurrence of product gas or 
vapours (via diffusion) into the system, a small purge gas is passed around the tapered 
element, which is one of the most important components in the system. The frequency 
of the tapered element is maintained by a feedback system, where changes in mass of 
the tapered element correspond to changes in natural frequency. Consequently, changes 
in oscillating frequency determine the mass uptake of test material. In operation, a gas 
chromatograph or a mass spectrometer is typically connected to the system outlet. The 
main advantages associated with the TEOM include the high mass resolution is not 
significantly affect by fluctuations in experimental conditions, high reproducibility, and 
a well defined gas phase in which the carrier and feed gases flow through an adsorbent 
bed (Berger et al., 2008). 
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Carrier and feed gas 
Optics 
Oscillations 
Quartz wool 
Test sample 
Furnace 
Figure 2-4: Schematic of the Tapered element oscillating microbalance (TEOM) 
• Quartz Crystal Microbalance 
Quartz crystal microbalances (QMC) have been used to investigate adsorption processes 
since the early 1960s (Chiang and Mintz, 2008). The technique measures sensitive mass 
changes of the order of 10"^  g to picograms 10"'^  g depending on the instrument. The 
key advantage of the technique is the ability to make in situ measurements of 
phenomena on a material surface. QCMs have a wide detection range, and, at the lower 
mass end, they are particularly suited to measuring monolayer coverage of small 
molecules on non-rigid or swelling sorbent materials such as polymers. Other 
advantages include ease of operation and relatively inexpensive cost (Marx, 2003). In 
contrast, the disadvantages include lack of reproducibility and drift of sensors. 
The main component of a typical QCM is a thin plate of single crystal quartz, which has 
electrodes attached to either side. Other components include a controller, oscillator 
electronics, frequency counter, high precision voltmeter, and a crystal holder. The basis 
of the technique is the inverse piezoelectric effect, where a change in mass corresponds 
to a shift resonance frequency. The inverse piezoelectric effect is defined as the 
contraction of a quartz crystal under the influence of an electric field. During operation, 
an external potential causes the crystal to oscillate at a given resonant frequency. Many 
researchers have used QCMs to investigate different phenomena such as adsorption. 
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desorption, corrosion, and moisture accumulation. Furthermore, there are excellent 
review articles published in the literature related to the theory and applications of QCMs 
(Marx, 2003, O'Sullivan and Guilbault, 1999). 
2.1.2.5. Thermochemical Methods 
Thermochemical methods consist of techniques that measure a physical property of a 
material as a function of temperature. During operation, the material is usually subjected 
to controlled increases or decreases in temperature. Examples of thermochemical 
methods used for the characterisation of adsorption processes include temperature 
programmed desorption (TPD) methods, microcalorimetry, and pulse thermal analysis 
(PulseTA®). 
• Temperature Programmed Desorption (TPD) of Ammonia 
Temperature programmed desorption (TPD) experiments are widely used to 
characterise porous materials. A typical experiment consists of adsorption of a probe 
molecule, such as ammonia, at a temperature of 300 K onto the surface of a sample, 
which is followed by heating at a controlled ramp to measure the desorption of gas 
molecules (Roque-Malherbe, 2009). The shape and peak maximum of the desorption 
peak can provide information about the properties of adsorption sites on catalytic 
surfaces. 
• Microcalorimetry 
When a molecule diffuses onto a surface of an adsorbate, there is always heat liberation, 
known as heat of adsorption. Adsorption microcalorimetry is a technique that directly 
measures the heat evolved during adsorption. The measurement of adsorbed molecules 
is achieved by connecting an adsorption micro-calorimeter to a volumetric system with 
a very sensitive presswe measurement device. The main types of microcalorimeters are 
adiabatic, isothermal and heat flow. Many researchers have reported the use of heat 
flow calorimeters for the measurement of surface acidity and basicity on solid catalysts, 
zeolites, and metal oxides because the differential heats of adsorption often vary with 
zeolite structure (Auroux, 2002, Cardona Martinez and Dumesic, 2008). 
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The main components of a heat calorimeter include a calorimeter cell used for the 
adsorption process, a calorimetric or thermal block used to maintain the process at a 
given temperature, and a heat conductor or thermopile used to connect the calorimeter 
cell and the calorimetric/thermal block (Cardona Martinez and Dumesic, 2008). The 
main disadvantage associated with heat calorimetry is the need to calibrate for heat 
losses from the calorimetric cells. 
• Pulse Thermal Analysis 
Pulse thermal analysis (PulseTA®) is a dynamic perturbation method that can be used 
to investigate gas-solid reactions and decomposition of solids. The method uses an inert 
carrier gas that can be pulsed by a specific amount of gas or liquid. The technique 
measures transient changes in mass, enthalpy, and gas composition. One of the major 
applications of PulseTA® is the measurement of adsorption phenomena under 
atmospheric pressure and a wide range of temperatures (Eigenmann et al., 2000) 
2.1.2.6. Other Dynamic Adsorption Methods 
• Nitrogen Adsorption at 77 K using the Carrier Gas Method 
The carrier gas method is a dynamic technique used to measure gas sorption on the 
surface of an adsorbent at 77 K. The slow introduction of adsorptive gas into the system 
allows the measurement of an adsorption isotherm at continuous equilibrium. The 
technique involves passing a gas mixture, such as helium and nitrogen, through a 
sample cell causing a change in concentration measured by a thermal conductivity 
detector (TCD). During operation, a sample tube is immersed into liquid nitrogen 
causing adsorption of nitrogen molecules, which is measured as a concentration change 
as a function of time. Subsequently, the sample tube is removed from the liquid nitrogen 
bath causing desorption because of degassing of adsorbed molecules (Chikazawa and 
Takei, 2006b). 
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• Steady State isotopic Transient Kinetic Analysis (SSITKA) 
Steady state isotopic transient kinetic analysis (SSITKA) is an in situ method, which 
can be used to establish kinetic information relating to reaction mechanisms and catalyst 
surface reaction intermediates (Shannon and Goodwin, 1995). The SSITKA method 
enables the detection of isotopic labels in reactant species. A typical experiment 
involves switching an inlet feed stream with a particular isotopic label of a reactant 
species to an inlet feed stream with a different isotopic label of a reactant species. When 
the switching value is quickly turned, the steady state conditions, including the pressure 
and flow rate, remain the same. While the reaction is progressing through the reactor, 
the isotopic labels of the un-reacted reactants and the reactant products are distinguished 
using a mass spectrometer. The transient responses of the isotopic labels can be 
determined if the mass spectrometer operates under minimal fragmentation. 
• Temporal Analysis of Products (TAP) reactor 
The temporal analysis of products (TAP) reactor is a transient response technique in 
vacuum used for catalyst characterisation with a sub-millisecond time resolution, which 
was invented in the late 1970s. Research interests from the academic and industrial 
communities have substantially intensified since the commercialisation of the first TAP-
1 reactor in 1989. The development of the latest version of the TAP reactor, known as 
TAP-3, is a result of the pioneering work of Gleaves and co-workers (Gleaves et al., 
2010). The researchers explain that a basic TAP system consists of a microreactor, a 
fast-pulse gas feed system, a mass spectrometer detector, and high-throughput ultrahigh 
vacuum system. The microreactor can be operated isothermally or in a temperature 
programmed mode. The experimental procedure involves pulsing specific species into 
the reaction zone whilst keeping the system under vacuum conditions. By varying the 
pulse molecules and pulse intervals between microseconds and minutes, the surface 
coverage of one or multiple species can be investigated. 
The key advantages of the TAP reactor include sub millisecond time resolution and the 
ability to study different diffusion regimes through catalysts. For example, when the 
pulse sizes are <10'^, gas transport through the catalyst bed is governed by Knudsen 
diffusion. Conversely, gas transport is governed by molecular regime when pulse sizes 
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are molecules. Other advantages include isotopic tracer experiments to determine 
the reaction mechanism can be carried out with the use of small pulses (Perez-Ramirez 
and Kondratenko, 2007). 
• Pressure Swing Adsorption and Temperature Swing Adsorption 
Many commercial adsorption processes often use cyclic operations, such as pressure 
swing adsorption and temperature swing adsorption, to regenerate the sorbent. Pressure 
swing adsorption (PSA) is widely used for bulk separation and drying of air and 
industrial gases. The basic process separates different gases by physical adsorption onto 
adsorbents using multiple adsorbers and short-term adsorption cycles. During operation, 
adsorption occurs at a higher partial pressure of the gas component and desorption 
occurs at a lower partial pressure of a gas component, which regenerates the adsorbent. 
In contrast, temperature swing adsorption (TSA) is suitable for purification processes. 
TSA processes involve regeneration of the adsorbent bed by increasing the temperature 
in a process cycle. An increase in temperature is often achieved by purging the 
adsorbent bed with a preheated gas. Industrial applications of cyclic adsorption 
techniques include the separation of hydrogen from hydrogen-rich gases such as 
synthesis-off gas (ammonia and methanol purge gases) and liquefied petroleum gas 
(LPG). 
2.1.3. Comparison of the Characterisation Methods used for Gas 
Adsorption Processes 
Measurement of the physical and chemical properties of adsorbents and catalytic 
materials can be achieved by a multitude of characterisation methods. It is important to 
compare the features of the characterisation methods discussed earlier. Therefore, Table 
2-1 presents a summary of the key features, strengths, and limitations for the main 
characterisation methods used for gas adsorption processes. 
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Table 2-1: Review of gas adsorption characterisation methods 
: Product specification 
Volumetric 
Micromeritics Temperature Isothermal jackets maintain cryogen level and 
ASAP 2020™ temperature 
10 ° above ambient to 1100 °C 
Pressure 0 to 950 mmHg 
Resolution 0.001 mmHg (Analysis system) 
for 1000 1 mmHg (Degas system) 
mmHg 
transducer 
(standard) 
Accuracy Within 0.15% of reading for 1000-mmHg transducer 
(standard) 
Within ± 5 °C for sample temperature control system 
Sample size Sample tubes are available for various size pellets, cores, 
and powders 
Advantages Simplicity, easy of operation, and extensive number of commercial 
instruments 
Disadvantages 
Gravimetric 
Limitations on the amount of catalyst, calibration for wall sorption 
effects, vacuum system, no kinetic information, and understanding the 
approach to thermodynamic equilibrium sometimes depends on the 
experience of the end user. Calibration for dead volume. 
Rubotherm^'" magnetic 
suspension balance 
Temperature 77 to 2273 K by thermal decoupling 
Pressure Ultra high vacuum to 500 bar 
Resolution 0.01mg-l | ig 
Accuracy 
Sample size Catalyst in a cup 
Advantages Wide range of operating conditions especially extreme pressures, 
accuracy, very small amounts (milligrams) of material can be tested. The 
approach to equilibrium can be monitored by an electronic display. Can 
be used to investigate kinetics of adsorption processes. 
Disadvantages Cannot easily define the geometry of the reactor - results are not easily 
reproducible. Relatively high cost 
Cahn microbalance Temperature 288 to 303 K 
Pressure atmospheric pressure 
Resolution 0.1 pg 
Accuracy 
Sample size Catalyst in a cup 
Other Response time 10 s 
information 
Advantages Simple, inexpensive, accuracy, and the approach to equilibrium can be 
monitored by an electronic display. 
Disadvantages Cannot easily define the geometry of the reactor - results are not easily 
reproducible. Pressure limitadons 
Oscillometric 
Tapered element 
oscillating 
microbalance^'" (TEOM) 
Temperature - 40 to 60 °C 
Pressure 50.7 bar 
Resolution 0.1 ng/m^ 
Accuracy ±0.75 % for mass measurements 
Sample size Short length tubular reactor 
Other Measurement range: 0 to 5 g/m^ 
information Constant flow through catalyst bed 
Advantages Defined reactor geometry, excellent resolution, and good pressure range 
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Disadvantages Calibration of viscometry effects 
Reactor transient methods 
Temporal analysis of 
products (TAP) reactor 
Temperature 200 - 1200 K 
Pressure Vacuum to 3.33 bar 
Resolution Sub millisecond 
Accuracy 
Sample size Short length tubular reactor 
Other Response time < 10ms 
information Catalyst contact; Pulsed through a catalyst bed 
Advantages Knudsen regime 
Automation of TAP3 reactor and remote operation 
Disadvantages Relatively high cost 
Reactor transient methods 
FTIR - SSITKA Temperature 200 to 770 K 
Pressure 1.01 to 2.5 bar 
Resolution 
Accuracy 
Sample size 
Other Catalyst contact: Constant flow through a catalyst bed 
information 
Advantages Mechanistic information 
Disadvantages Very high cost 
' Data for ASAP 2020™ Physisorption 
* Data for ASAP 2020™ Chemisorption 
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2.1.4. Selected Applications of Characterisation Methods for Gas 
Adsorption Processes 
2.1.4.1. Determination of Specific Surface Area of Porous Materials 
Gas adsorption methods are extensively used to determine the specific surface area of 
porous materials and powders because they consist of irregular shaped particles; 
therefore, probe molecules are needed to determine the internal and external surface 
areas. Gas adsorption is used to determine the monolayer capacity of an adsorbate, 
which can be extracted from fitting the adsorption isotherm to equilibrium models such 
as the Langmuir isotherm. By using the derived monolayer capacity, the specific surface 
area can be determined by equation 2-12. 
w.22400 
In equation 2-12, S is the specific surface area (m^/g), is the monolayer capacity 
{mL), a is the effective cross sectional area of one adsorbed molecule (m^), m is the 
mass of the test powder (g), and is the Avogadro constant (6.022 xio^^ mol''). The 
principle assumption of the Avogadro number is equal volume of gases at the same 
pressure and temperature contains the same number of molecules. 
When analysing the analytical methods used to determine surface area of porous 
materials, some authors have criticised the use of the BET and Langmuir models for 
surface area determination. In 1998, a study argues that the derived surface areas should 
not be considered as absolute values because the BET and Langmuir models are often 
considered as an oversimplified view of the behaviour of an adsorbate on the surface of 
an adsorbent (Sing, 1998). Other researchers have supported this argument by 
explaining that the BET model often overestimates the surface area of highly porous 
materials. For example, a study reports on the measurement of high surface carbon 
fibres and they found approximately 40-50 % overestimation of the surface area using 
the BET model (Kaneko et al., 1992). 
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In relation to the adsorption characterisation methods, nitrogen adsorption at 77 K using 
the volumetric technique is the universal method used to characterise the surface area of 
porous materials. Many commercial instruments used to characterise the surface area of 
porous materials have adopted principles of volumetry such as ASAP 2020™ 
manufactured by Micromeritics and AutosorbT"^ manufactured by Quantachrome 
Instruments. In general, measurements are carried out across a wide range of nitrogen 
partial pressures to obtain an adsorption isotherm. The measurement procedure involves 
successive dosing of the sample with nitrogen. In between dosing, the sample is allowed 
to achieve equilibrium. The equilibrium points correspond to individual points on the 
adsorption isotherm. In order to determine the surface area, the adsorption isotherm is 
usually fitted to the BET or Langmuir models to extract the monolayer capacity of the 
sample. 
There have been countless literature studies that report the use of nitrogen adsorption at 
77 K to determine the surface area porous materials. In recent years, the works of Sing 
et al. have reported significant studies into nitrogen adsorption at 77 K for surface area 
determination (Sing, 2004, Sing, 2001b, Sing, 1998, Sing and Williams, 2004). 
Examples include the lUPAC recommendations for reporting physisorption data (Sing 
et al., 1985) and the characterisation of porous materials (Rouquerol et al., 1994). One 
conclusion to emerge from the recommendations is the reporting of surface areas should 
include the measurement technique and the associated adsorption theory. Although the 
volumetric method has been universally adopted to characterise the surface areas of 
porous materials, the most significant weakness is the errors in the calibration of dead 
volume (Keller and Robens, 2003, Gonzalez-Gonzalez et al., 2009). In another study, 
authors have cited that certain characteristics are undetectable by static volumetric 
methods during transition between equilibrium states (Sing, 2001b). 
In contrast, several commercial instruments use the carrier gas method to measure 
nitrogen adsorption isotherms at 77 K. According to Sing (2001), the fundamental 
advantage of the carrier gas method is the ability to additional features, which are 
undetectable by the use of the static volumetric method. A recent study compared static 
and dynamic methods for the measurement of nitrogen adsorption isotherms at 77 K 
(Gonzalez-Gonzalez et al., 2009). They assert the main advantages of dynamic methods 
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for the measurement of nitrogen adsorption isotherms include sensitivity to measure low 
surface area materials, speed, and lack of calibration of vacuum systems. When 
considering the disadvantages of dynamic methods, they argue that the carrier gas 
(helium) can influence the sorption of adsorptive gas (nitrogen) in very small 
micropores at 77 K. The authors further explain that the helium is much smaller and 
lighter than nitrogen, therefore, helium can diffuse significantly faster into narrower 
pores. 
2.1.4.2. Characterisation of Surface Acidity and Basicity of 
Heterogeneous Catalysts 
In heterogeneous catalysis, zeolites are extensively used for numerous applications 
including oil refining, gas separation, and industrial adsorption processes. They can be 
defined as crystalline aluminosilicates with three-dimensional framework structures 
consisting of channels and/or cages (Maesen et al., 2001). The structure of zeolites 
consists of fully connected Si04 and AIO4 tetrahedra, which are linked by shared 
oxygen atoms. Zeolites have numerous framework structures, which are each defined by 
a three letter code in accordance with the International Zeolite Association (IZA) Atlas 
of Zeolite Structure Types. For example. Figure 2-5 presents the framework structure of 
ZSM-5 and ferrierite. The ZSM-5 (framework type: MFI) structure consists of several 
pentasil chain linked by oxygen bridges, which results in the formation of corrugated 
sheets with 10-ring holes. The ferrierite (fi-amework type: FER) structure consists of 5 
rings parallel to the y-axis of the crystal, which is cross-linked by 4 rings (Breck, 1974). 
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Figure 2-5: Framework structures of ZSM-5 (a) and ferrierite (b) 
In general, acid-base concepts used in solution chemistry are fundamental to 
understanding the acidic and basic catalytic properties of heterogeneous catalysis such 
as zeolites. The Br0nsted theory considers an acid-base reaction as an exchange of a 
proton from an acid to a base as depicted in equation 2-13, where an acid is a proton 
donor, a base is a proton acceptor, and Ka is the acidity constant. 
2-13 
#^2 
Conversely, the Lewis theory considers an acid-base reaction as an exchange of an 
electron pair, where the acid is an electron pair acceptor because it has a vacant orbital 
and the base is an electron pair donor. In equation 2-14, the Lewis acid (A) accepts an 
electron pair from the Lewis base (B) to form an adduct (AB). An adduct is defined as 
the formation of two species via a covalent bond. 
A+\B^A-B 2-14 
In order to characterise surface acid-base properties of heterogeneous catalysts, they 
must be compared to a homogenous gas or liquid phase (Contescu and Schwartz, 1999). 
Furthermore, the measurement of acidic properties requires the use of a basic substance 
(and vice versa) because acidity and basicity are opposite in nature and intrinsically 
connected. Over the years, many characterisation methods have been used to measure 
the surface acid-base properties of zeolites, which range from traditional methods such 
46 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
as colorimetric indictors to modem methods such as PulseTA®. At molecular level, the 
properties of acid sites can be measured by basic probe molecules such as ammonia and 
pyridine. Ammonia is a strong base molecule, which is widely deployed to characterise 
acid sites because its small molecular size can interact with both microporous and 
mesoporous zeolites. Several excellent reviews have been published on characterisation 
methods used for the measurement of zeolite acid-base properties and the types of probe 
molecules used to characterise acid sites (Jentys et al., 2001, Fameth and Gorte, 1995, 
Sun and Berg, 2003, Rabo and Gajda, 1989, Karge, 2008, Li and Wu, 2003). 
Temperature programmed desorption (TPD) of ammonia is extensively used to 
characterise acidic properties of zeolites because evaluation of the TPD spectra may be 
used to assign the number and strength of acid sites. One such study employs TPD of 
ammonia and 27A1-MAS-NMR spectroscopy to investigate the acid properties of H-
ZSM-5 (Rodriguez-Gonzalez et al., 2007). In order to interpret the TPD data, 
mathematical models are used to curve fit the peak shape. Analysis of the TPD of 
ammonia spectra shows the presence of two peaks (1-peak and h-peak), which is 
assumed to correlate to types of acid sites. The 1-peak is ascribed to the desorption of 
weakly bonded ammonia, which occurs at low temperature typically between 443 K and 
553 K. The h-peak is assigned to the desorption of ammonia associated with Br0nsted 
acid sites, which occurs at high temperatures (643 K to 713 K). When analysing the 
concentration of acid sites, the researchers found that 72 % of the framework aluminium 
atoms could be assigned Bronsted acid site character, which is lower than the expected 
100 %. Several reasons are proposed for the disparity in the results including 
dehydroxylation, dealumination, and weak/no-acidic bridging of the hydroxyl groups. 
The simulation of ammonia adsorption on acid sites can be relatively complex. In order 
to alleviate the problem of simulating ammonia adsorption on different acid sites, some 
researchers use a combination of infrared spectroscopy (IR), mass spectroscopy (MS) 
and TPD of ammonia to characterise the acidic properties of zeolites (Niwa et al., 
2005). This technique is known as the IRMS-TPD method. Niwa et al. employ the 
IRMS-TPD method to characterise the acid sites in P-zeolite. The study reports the 
characterisation of three types of adsorption sites, which are observed at low (1-peak), 
high (h-peak), and very high (h+ peak) temperatures. These TPD desorption peaks of 
ammonia correspond to IR intensities of 1620, 1450 and 1320 cm', respectively. 
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According to Niwa et al., IRMS-TPD can be used for the total characterisation of acid 
sites in terms of structure, amount, and strength. 
TPD of ammonia can offer a quick and simple method to characterise acid sites on 
metal oxides. However, a major criticism is ammonia adsorption cannot distinguish 
between Br0nsted and non-Br0nsted acid sites. In support of this argument, the work of 
Gorte questions the usefulness of TPD of ammonia for the characterisation of acid sites 
by supporting the argument that ammonia adsorption cannot identify the nature of the 
acid sites (i.e. Br0nsted or Lewis). Moreover, he explains that experimental conditions 
can strongly affect the peak desorption temperature from Br0nsted and non-Br0nsted 
sites. To illustrate the point, he cites an experiment that shows the peak desorption 
temperature of ammonia from Br0nsted acid sites in H-MFI varies by more than 150 °C 
depending on the experimental conditions. 
An alternative method to characterising acid sites in zeolites is microcalorimetry. In 
2005, Mishin et al., investigate the heat of adsorption of ammonia on zeolites to 
correlate their acidities and activities using adsorption microcalorimetry. In order to 
establish the suitability of various probe molecules, the researchers investigate the 
differential heat of adsorption of pyridine, n-butilamine, benzene and ammonia on 
sodium and hydrogen forms of Y zeolites. Consequently, ammonia was considered the 
most suitable probe molecule because of the difference in the energies of interactions 
between the protonic sites and cations, and the smaller molecular dimension of 
ammonia allowing for better contact with the active sites (Mishin et al., 2005). In 
another study, Eigenmann and co-workers use the PulseTA® technique to investigate 
ammonia adsorption on HZMS-5 zeolite at 200 °C. When comparing static and dynamic 
methods, the study contends that dynamic methods are fast and more convenient. In 
order to investigate the zeolite sample, pulse perturbations were carried out across 400 
min and the mass changes in the zeolite were measured. The study reports the 
occurrence of both reversible and irreversible adsorption on the zeolite surface 
(Eigenmann et al., 2000). 
Other studies have investigated the acidity of zeolites using the Cahn microbalance. In 
2000, Gorte et al. have conducted an examination of the Bronsted acid sites of H-LTA 
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zeolites using temperature programmed desorption and thermogravimetric (TPD-TGA) 
analysis of alkylamines. The experimental setup of the TGD-TGA apparatus consists of 
a Cahn microbalance, which is connected to a turbomolecular pump. The researchers 
have interrogated the external site density with tri-iso-butylamine and the Brensted site 
density with n-propylamine. By taking all the LTA zeolite samples into consideration, 
they report the average external and Br0nsted site densities of approximately 20 /xmolg' 
and 1300 jumolg'^ (Kresnawahjuesa et al., 2000). 
2.2. Characterisat ion of M e m b r a n e Processes 
2.2.1. Membrane Technology 
A gas separation membrane can be defined as a barrier that separates the flow of an 
influent stream into two effluent streams, which are referred to as the concentrate and 
the permeate. The concentrate consists of the fluid that could not pass through the 
membrane and the permeate consists of the fluid that passed through the membrane. In 
the subsequent sections, the theory of gas transport in membranes and the key 
characterisation methods will be addressed. 
2.2.2. Theory of Gas Transport in Membranes 
2.2.2.1. Solution-Diffusion Mechanism 
Dense polymeric membranes are widely used for gas membrane technologies, where the 
transport is governed by the solution-diffusion mechanism. The solution-diffusion 
mechanism assumes that the permeate gas dissolves in the membrane and the diffusion 
process is driven by a concentration gradient. Figure 2-6 presents a schematic of gas 
transport in the solution-diffusion mechanism. 
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J = mass flux 
X = mole fraction 
p = partial pressure 
c = concentration 
Figure 2-6: Schematic of the solution-diffusion process in a dense polymer membrane 
- Adapted from (Strathmann, 2000) 
The mass transport mechanism comprises of sorption of the various components from 
the feed mixture at the gas-solid interface, diffusion of the individual components in the 
membrane, and desorption of the components from the membrane in the permeate gas 
phase (Strathmann, 2000). The diffusion process is driven by a concentration gradient 
that can be described by Pick's law of diffusion, equation 2-15. 
J=-D 
2-15 
where, J is the flux in the direction of flow, D is the diffusion coefficient, x is the 
position within the membrane down the concentration gradient, and dCjdt is the rate 
of concentration change. At steady state, one assumption is a constant concentration 
gradient across the membrane and the mass flux may be described by equation 2-16 for 
a planar sheet. For the diffusion of gases or vapours, the concentration may be replaced 
by partial pressures as presented in equation 2-17. 
J = D 
J = P. 
CQ - C , 
I 
2-16 
2-17 
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In reference to equations 2-16 and 2-17, CQ and C^ are the permeant concentrations on 
the upstream and downstream side of the membrane, / is the membrane thickness, and 
Pg is the permeability coefficient. For practical applications, it is important to 
determine the separation efficiency of a membrane. For a binary mixture of components 
X andy, the selectivity can be determined by equation 2-18. 
p 2 - 1 8 
p _ ey 
y - x n 
where, is the permeation selectivity of the m e m b r a n e , a n d f^ are the 
permeabilities of components x and)/. An alternative expression, based on Fick's law of 
diffusion, for gas permeability ( ^ ) is the product of diffusion coefficient (-D) and 
solubility coefficient (*S') through a membrane, equation 2-19. This expression can be 
used when the partial pressure and concentration on the permeate side of the membrane 
is negligible to the partial pressure and concentration on the feed side of the membrane. 
In equation 2-19, the diffusion coefficient is a kinetic term that describes the mass flux 
of permeate through a membrane caused by a concentration gradient and the solubility 
coefficient is a thermodynamic term that describes the solubility of permeate gas in the 
membrane. 
2.2.2.2. Knudsen Diffusion Mechanism 
Knudsen diffusion can be used to describe mass transport in inorganic porous 
membranes and pinholes in dense polymeric membranes. The diffusion process 
involves viscous flow in narrow pores that are smaller than the mean free path of the 
diffusing gas molecules (Strathmann, 2000). The mass flux in the Knudsen diffusion 
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regime is given by equation 2-20 and the Knudsen diffusion coefficient is given by 
equation 2-21, whereby it uses kinetic gas theory to describe the diffusion process. 
_ mr^D'^ISp 
' ~ RTr/Sz 
D* = 0.66 8/?r 
where, Jj is the flux through the membrane, n is the number of pores in the membrane, r 
is the pore radius, Az is the thickness of the membrane, T is the temperature, T is the 
tortuosity factor, is the Knudsen diffusion coefficient, and Mv is the molecular 
weight. 
For a binary mixture, the Knudsen diffusion separation factor # ^ i s given by equation 
2-22. 
Where, My and Mx is the molecular weights of components x and y. 
2.2.3. General Characterisation Methods used for Polymeric Membranes 
2.2.3.1. ASTM D 1434-82: Standard Test Method for Determining Gas 
Permeability Characteristics of Plastic Film and Sheeting 
The American Standard Testing Method (ASTM) D 1434 explains the standard test 
method for the determination of gas permeability characteristics of polymeric films and 
sheeting. The method is used to determine the gas transmission rate (GTR), permeance 
and permeability of polymers in various forms such as films, sheeting, and laminates. A 
gas transmission cell is used to contain the sample, which is sealed with a barrier 
between two chambers. The test gas is held at a high pressure on one side of the 
chamber and the permeating gas is received at the other side of the chamber, which is at 
a lower pressure. Figure 2-7 shows a schematic of a typical experiment setup. 
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A - Vacuum pump 
B - Test gas cylinders 
C - Gas transmission ceil 
D - Vacuum gage 
E - Trap 
F - Barometer 
G - Automatic recorder (optional) 
H - Mercury manometer 
I - Needle valve 
A - Supporting Legs 
B - Lower PlaTe 
C - Upper Plate 
D - Adapter 
E - Vacuum Valve 
Figure 2-7: Schematic of the ASTM method 1434-82: Standard Test Method for Determining Gas 
Permeability Characteristics of Plastic Film and Sheeting 
The ASTM D 1434 standard covers two test procedures, which are manometric and 
volumetric. The manometric procedure involves evacuation of the receiving chamber 
and the transmission of gas through the sample, which is indicated by a pressure 
increase. The volumetric procedure entails maintenance of the receiving chamber at 
atmospheric pressure and a change in volume designates gas transmission through the 
sample. The ASTM D 1434 standard explains that the gas transmission rate is affected 
by conditions such as moisture content, plasticiser content, and non-homogeneities. 
These conditions are not accounted for in the test. When carrying out inter-laboratory 
testing of the ASTM D 1434 method, they report that the permeance data was highly 
affected by the laboratories undertaking the tests, and the measurement procedure. The 
main principles of the ASTM D 1434 standard are based on the time-lag technique, 
which was developed by Barrer in the 1940s. The key advantages of the time-lad 
method include simplicity and the ability to extract the diffusion coefficient and the 
solubility coefficient from the permeability coefficient (Yang et al., 2006). 
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2.2.3.2. Electroanalytical Methods used for the Measurement of Gas 
Permeabilities of Polymer Membranes 
Electroanalytical methods are used to study the relationship between chemical 
properties and electrical properties such as current, potential or charge. In general, these 
methods measure the properties of electrochemical processes at the interface of the 
electrode and solution. The electroanalytical methods usually consist of two electrode 
known as a working and reference electrodes and a contacting sample referred to as an 
electrolyte solution. Both components (i.e. the electrodes and electrolyte solution) make 
up an electrochemical cell. The key electroanalytical methods used to investigate the 
gas permeability of membranes materials include cyclic voltammetry, 
chronoamperometry, and polarography (Pospisil, 2003, Henze, 2000, Wang, 2006). 
Table 2-2 summarises the key properties of electroanalytical methods and brief 
explanations of each methods is presented below. 
Table 2-2: General properties of electroanalytical methods used for the measurement of gas 
permeabilities of polymeric films 
Speed 
Technique 
Time 
per 
Working Detection cycle Response 
electrode limit (M) (min) shape Remarks 
Cyclic Stationary 10' 0.1-2 Peak The technique is a measure of cnrrent 
voltammetry as a function of time when the 
potential of the working electrode is 
changed linearly with respect to the 
reference electrode with time. 
Chrono -
amperometry 
Stationary 10" 0.1 Transient The technique is a measure of time 
dependence of cell current when the 
potential difference between 
indicator and reference electrodes is 
controlled. The current-time response 
curves indicate mass transfer and 
dynamics of the chemical processes. 
Polarography DME 10- Wave In unstirred solutions, the technique 
is a measure of current as a function 
of potential when the working 
electrode is a dropping mercury 
electrode. 
* Abbreviations; M is mol and DME is dropping mercury electrode. # The remarks have been taken from 
the lUPAC Compendium of Analytical Nomenclature (Inczedy et al., 1998). 
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• Cyclic and Linear Sweep Voltammetry 
Cyclic and linear sweep voltammetry is a well-established method used to obtain 
qualitative information about electrochemical reactions. The technique involves 
carrying out a potential sweep consisting of linearly scanning a stationary working 
electrode, which causes a change in current. A potentiostat is used to measure the 
change in current caused by the applied potential and current-potential plot (cyclic 
voltammogram) is produced, which is a function of several physical and chemical 
properties. The key difference between cyclic and linear sweep voltammetry is the 
voltage is returned to the starting potential for cyclic voltammetry method. An 
alternative expression for cyclic voltammetry is triangle-sweep voltammetry. One of the 
key advantages of cyclic and linear sweep voltammetry methods is they can provide 
quick and convenient information about electrochemical processes such as the 
thermodynamics of redox processes. Consequently, this method is commonly used as 
the first experiment in electroanalytical studies. 
• Chronoamperometry 
Chronoamperometry methods involve recording current as a function of time upon 
excitation of the potential step. During experimentation, chronoamperometry involves 
increasing the potential of the working electrode from a value in which there are no 
electrochemical reactions to a value in which there are diffusion-controlled 
electrochemical reactions (Wang, 2006, Yuan et al., 2009). These methods are 
fi-equently used to determine the diffusion coefficients of electroactive species and to 
study the mechanisms of electrode processes. 
• Polarography 
Polarographic methods involve the use of a working electrode containing mercury, 
which allows the electrode to be polarised. Hence, when an electrode is polarised, direct 
current cannot flow across the interface with the solution if there is a potential 
difference across the interface. Polarographic methods are widely used to investigate to 
investigate the oxygen permeability of soft contact lenses. 
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2.2.3.3. Gas chromatography 
Gas chromatography is an analytical method used to separate components of a mixture, 
which are distributed between a stationary phase (e.g. solid phase) and a gas phase 
(Sandra, 2000). The measurement of gas permeabilities using gas chromatography is 
achieved by supplying one side of the membrane with the permeating gas such as 
hydrogen and oxygen and the opposing side of the fuel membrane with a carrier gas 
such as nitrogen or helium. The concentration difference between the two sides acts as a 
driving force for the diffusion mechanism through the membrane material. 
2.2.4. Selected Applications of General Characterisation Methods used for 
Membrane Processes 
The subsequent sections explore the application of the general characterisation methods, 
explained earlier, to the measurement of gas permeability of different membrane 
materials namely proton exchange membranes used for fuel cell applications, food 
packaging films, and soft contact lenses. In each section, the fundamentals principles 
are outlined, where necessary, and selected literature studies are discussed. These 
literature studies attempt to explain how some of the general characterisation methods 
are used to characterise the gas permeability of the membrane material. 
2.2.4.1. Proton Exchange Membrane (PEM) Fuel Cells 
Proton exchange membrane (PEM) fuel cells are devices that convert chemical energy 
into electrical energy via electrochemical processes. These devices typically use 
hydrogen as the fiiel, oxygen as the oxidant, platinum-coated graphite as the electrodes, 
and a proton conducting membrane as the electrolyte (Ion, 2007, Heinzel et al., 2000, 
Larminie, 2000). Figure 2-8 shows a schematic of a typical PEM fiiel cell and a seven-
layered membrane electrode assembly. A membrane electrode assembly (MEA) is an 
arranged stack of proton exchange membranes, which result in a single fuel cell unit. 
The configuration of the seven-layered MEA is widely used by MEA manufacturers. 
This configuration consists of conductive bipolar plates that act as the anode and 
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cathode, an anode gas diffusion layer, a cathode gas diffusion layer, sub-gaskets, and a 
catalysed membrane electrolyte. 
Anode outlet ^ 
Fuel inlet ^ 
^ Cathode outlet 
^ Air inlet 
Figure 2-8: Schematic of a PEM fuel cell and membrane electrode assembly (MEA) 
In operation, hydrogen and oxygen are supplied to the anode and the cathode, 
respectively. The anode substrate enables the migration of hydrogen to the reactive 
anode. Following hydrogen oxidation at the catalyst layer, protons diffuse through the 
proton conducting membrane. Conversely, oxygen reduction occurs at the cathode, 
where oxygen reacts with the protons to produce the by-product water. The 
electrochemical reactions at the anode, the cathode, and the overall cell reaction are 
given in equations 2-23, 2-24, and 2-25, respectively. 
Anode 
Cathode 
Cell reaction 
2H^ A H * + 4e" 
27/2 + 0% ^  
2-23 
2-24 
2-25 
Proton conducting membranes only permit the diffusion of positively charged ions to 
the cathode. Therefore, the negatively charged electrons are forced to travel via an 
external circuit, which produces electricity. The functions of the electrode substrate and 
catalyst layer include proton and electron conduction, fuel supply and distribution, 
water transport, and heat generation and removal from the reactive zones. PEM fuel 
cells typically operate at efficiencies of 40-50 %. 
Proton exchange membranes, such as Nafion, are widely used as electrolytes in PEM 
fuel cells because they offer compact construction, large current density, and low 
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working temperatures. To improve the performance of PEM fuel cells, many 
researchers have been investigating the use of thinner membranes that provide 
improvements in proton conductivity, fuel cell efficiency, and areal resistance. 
However, thinner membranes can increase gas crossover in the membrane electrode 
assembly. Gas crossover is the undesirable diffusion of a finite amount of gas across the 
fuel cell membrane. There are several adverse consequences of gas crossover, which 
include a reduction in fuel cell efficiency due to accumulation of gases at the electrodes 
and the potential evolution of hydrogen peroxide caused by a reaction of oxygen at the 
cathode and hydrogen permeation from the anode. Furthermore, the evolution of 
hydrogen peroxide can lead to the formation of pinholes in the membrane. 
Many researchers have sought to investigate gas crossover in proton exchange 
membranes using the time-lag method, electroanalytical methods, and gas 
chromatography. In 1988, the work of Chiou and Paul investigate the gas permeation of 
dry Nafion 117 membranes using the time-lag technique. The study reports a 
permeability coefficient for H2 of 3x10"^^ molm^s'^Pd^ (Chiou and Paul, 1988). In 
1985, another study reports the use of the volumetric method to examine gas permeation 
properties of dry Nafion membranes (Sakai et al., 1985). Note the volumetric is based 
on the same principles as the time-lag method; however, the key difference is flow rate 
of a given samples is measured instead of the time to fill up the permeate side of the 
membrane (Yang et al., 2006). The results show a close agreement with the work of 
Chiou and Paul (1988) because they also report a hydrogen permeability coefficient of 
dry Nafion 117 of 3x10'^^ molrn's'^Pd^. Furthermore, the study supports the findings of 
other researchers who report that the hydrogen permeability is approximately twice the 
amount of oxygen permeability. In a subsequent study, Sakai and co-workers use the 
time lag technique to investigate the gas diffusion mechanisms in dried and hydrated 
Nafion and Nafion-palladium composite membranes (Takenaka et al., 1986). The study 
reveals that the deposited palladium in the Nafion membrane significantly reduced the 
diffusion coefficient of hydrogen in comparison with Nafion 125. 
Steady state electroanalytical methods, such as voltammetry, have been widely used to 
measure hydrogen crossover across proton exchange membranes, which has resulted in 
numerous studies. One such study investigates hydrogen crossover across Nafion 112 
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under cyclic current loading conditions, which were representative of real road driving 
conditions, using open circuit voltage (OCV) experiments (Liu and Case, 2006). Liu 
and Case (2006) report a considerable increase in hydrogen crossover after 500 hours of 
current cycling caused by pinhole formation. Another study sought to the degradation 
mechanism of Nafion 112 by undertaking gas permeability and selectivity 
measurements using OCV experiments (Kimdu et al., 2008). They found that the 
diffusion mechanism changed from the solution diffusion mechanism to Knudsen 
diffusion mechanism as the membrane was subjected to prolonged degradation. The 
change in diffusion mechanism suggests the occurrence of pinhole formation in Nafion 
112. 
Some researchers have questioned the use of steady state electrochemical methods 
because they caimot provide information under realistic operating conditions of a fuel 
cell. Furthermore, they argue that in situ methods can undertake gas permeability 
measurements directly in the fuel cell setup and in situ measurement of membrane 
degradation over time can be measured. 
Gode and co-workers have developed an in situ chronoamperometric method for the 
measurement of hydrogen and oxygen permeabilities across proton exchange 
membranes using a cylindrical microelectrode (Gode et al., 2002). They argue that the 
main advantages of the in situ chronoamperometric method include the ability to 
conduct gas permeability measurements under realistic fuel cell operating conditions. 
However, it is worth acknowledging the chronoamperometric methods determine the 
diffusion coefficient and solubility coefficient instead of measuring the gas permeation 
rate directly. In another study, Yang and co-workers have used an in situ 
electrochemical method to measure hydrogen and oxygen crossover across Nafion 
membranes. Briefly, in situ electrochemical method consists of two main sections. The 
first section is a reference and a counter electrode, where hydrogen flows on one side of 
a fuel cell. The second section is a working electrode. During operation, the applied 
voltage causes hydrogen permeates to the other side of the membrane and it becomes 
oxidised by the working electrode. Consequently, the resulting current is measured. 
Yang and co-workers conclude that in situ electrochemical method can be used to 
determine hydrogen crossover, electrical shorts in MEA, and rates of hydrogen 
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permeation in proton exchange membranes at various temperatures and pressures (Yang 
et al., 2006). 
Elsewhere, Ekdunge and Broka (1997) have investigated hydrogen and oxygen 
permeabilities through Nation 117 and recast Nafion films as a function of temperature 
and water uptake using gas chromatography. The study reports a correlation between 
the increasing gas permeabilities with temperature and relative humidities of the gases 
(Ekdunge and Broka, 1997). When using gas chromatography to measure gas 
permeabilities, the key limitation of the technique is the lack of repeatability because 
fluctuations of the experimental conditions can adversely affect measurements. 
2.2.4.2. Food Packaging Films 
Food packaging films can be broadly classified as barrier polymers, which are 
polymeric films designed to restrict the mass transport of gases, vapours, and liquids 
(Dhoot et al., 2002). In food packaging, barrier films are used to protect fresh and 
minimally processed food products in a gas atmosphere that controls the permeation of 
oxygen, carbon dioxide, and nitrogen. Barrier polymers are important to the food 
industry because they help to alleviate the need for artificial preservatives, and improve 
the shelf-life and quality of food products. 
A considerable amount of literature has been published on the measurement of gas 
permeability of barrier polymers employed in the food industry using 
volumetric/manometric methods. For example, the work of Gajdo et al. reports on the 
measurement of oxygen and nitrogen permeabilities of several barrier polymers such as 
polyethylene, coextruded polypropylene, and polyethylene using the manometric 
method (e.g. ASTM-D1434). The researchers carried out a range of permeability 
experiments across a temperature range of 20 °C to 60 °C and they found that 
coextruded polypropylene has the highest barrier properties against the permeation of 
oxygen and nitrogen because the coating on sides of the polymer reduced the 
permeation of gases (Gajdos et al., 2000). However, the volumetric and manometric 
procedures outlined in ASTM-1434 standard test method have major disadvantages 
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such as lack of accuracy with high barrier materials and long experimental times (Al-Ati 
et al., 2003). 
2.2.4.3. Soft Contact Lenses 
Oxygen permeability (M) and oxygen transmissibility (Dk/L), where L is the lens 
thickness in the centre, are the foremost characteristics of contact lenses because they 
have a direct impact on the comfort for the wearer. Oxygen permeable contact lenses 
allow mass transfer of oxygen from the atmosphere to the cornea to prevent swelling 
and eye infections, which can be caused by an oxygen deficit. There is a continuing 
demand to develop new membrane materials that both satisfy sufficient oxygenation 
levels and extended wearing times; therefore, characterisation techniques that accurately 
measure oxygen permeability are paramount to contact lens manufacturers and health 
practitioners. 
Polarographic techniques are widely used to investigate the oxygen permeabilities of 
contact lens materials. Some researchers have measured the oxygen permeability rates 
across contact lenses worn on an eye. One such study used a polarographic oxygen 
sensor pressed against a soft contact lens worn on the eye to measure the decrease in 
oxygen content of the lens as the cornea consumes oxygen (Fatt, 1978). However, the 
experimental technique can be very slow and uncomfortable for the subjects and the 
values of oxygen uptake can be influenced by uncertainties such as blinking by the 
subjects. 
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2.3. Comparat ive Analysis of Characterisation Methods used for Gas 
Adsorpt ion and M e m b r a n e Processes 
g 
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Cahn 
microbalance 
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Rubotherm © 
magnetic 
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balance 
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Inverse gas 
chromatography 
* * * * 
TEOM Pulse 
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* * * * * 
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microbalance 
* * * 
TPD of ammonia * * 
Microcalorimetry * * + * 
Pulse TA® * * * * * * * 
Carrier gas 
method 
* * * 
SSITKA * * * * 
TAP reactor * * * * * 
Pressure swing 
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swing adsorption 
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* * * 
Cyclic 
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* * * 
Chrono-
amperometry 
* * * * * 
Polarography * * * 
Gas 
chromatography 
* * * 
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2.4. Summary 
In this chapter, the capabiUties and hmitations of characterisation methods used for gas 
adsorption and membrane processes were examined by analysing their experimental 
configurations and measurement procedures. To limit the scope of the literature review, 
characterisation methods were grouped thematically and only the most relevant 
techniques were reviewed. 
In the field of gas adsorption processes and heterogeneous catalysis, volumetric 
methods are the most traditional techniques used to measure the surface properties of 
catalytic materials, where they undertake ex situ measurements before or after a given 
sorption process. In comparison to gravimetric techniques, volumetric techniques are 
simple, inexpensive and easy to operate; however, the necessity to calibrate for dead 
volumes introduces errors into the experimental data. In gravimetry, the Rubotherm 
magnetic suspension balance is a powerful in situ technique capable of sorption 
measurements under extreme experimental conditions. It is worth acknowledging that 
the Rubotherm magnetic suspension balance has significantly bridged the pressure gap 
because in situ measurements and can be carried out at industrial operating conditions. 
However, similar to other gravimetric instruments, buoyancy effects must be calibrated. 
Significant technological advances have been made in the development of transient 
methods, such as the TAP reactor and SSITKA, which are suitable for the rapid 
determination of complex reaction kinetics. However, purchasing such systems would 
involve substantial capital investment. 
The determination of gas permeabilities of polymeric membranes typically involves 
techniques such as the time-lag method, gas chromatography, and electrochemical 
methods. The time-lag method has been extensively used for the measurement of gas 
permeability of polymeric membranes such as proton exchange membranes used for 
fuel cell electrolytes. However, vacuum systems are intrinsic components of the 
experimental apparatus, which can be prone to vacuum leakages. 
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One issue has emerged from the literature review, which is the paucity of inexpensive 
characterisation methods that can be employed to conduct in situ experiments at 
extreme pressures and temperatures. Major progress in material science could be 
achieved with the development of inexpensive transient characterisation methods that 
can provide quick and accurate measurement of physical and chemical properties under 
industrial working conditions. 
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Chapter 3: Flux Response 
Technology 
Flux Response Technology (FRT) is a powerful in situ measurement technique that can 
be used to measure minuscule changes in flowrate between two gas lines for potentially 
any gaseous process involving a change in volume (dV/dt). FRT functions analogous to 
an electrical Wheatstone bridge assembly whereby gas molecules represent electrons 
and flow capillaries represent resistors. One leg of the bridge is known as the system 
side, while the other leg is known as the reference side. The system side can be 
perturbed by pressure, temperature, and concentration. A perturbation causes an 
imbalance in the pneumatic Wheatstone bridge assembly. This imbalance between the 
system side and the reference side is measured as a voltage difference via a very 
sensitive differential pressure transducer (DPT), which corresponds to transient 
flowrates of the order of 10"^  jxlmin^. Due to the pneumatic Wheatstone bridge 
configuration between the flow sensing and flow setting capillaries, FRT can make very 
sensitive differential measurements on a range of processes. Previous applications 
include the sorption-effect technique used for chromatographic and binary adsorption 
measurements, perturbation viscometry used for determination of relative viscosities of 
gas mixtures, and the measurement of reaction kinetics of heterogeneous catalytic 
reactions. 
The origins of the Flux Response Technology method stems from the pioneering work 
of Professor Geoffrey Mason and Professor Brian Buffham at the Department of 
Chemical Engineering, Loughborough University while investigating sorption-effect 
chromatography and composition front scanning to identify absorptive and non-
adsorptive zones in packed columns. The inventors have now retired, and the 
advancement of FRT principally lies with Dr Klaus Hellgardt at the Department of 
Chemical Engineering and Chemical Technology, Imperial College London. In 2006, 
there was a technology transfer from Loughborough University to Imperial College 
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London, and considerable progress has been achieved in terms of commissioning 
several FRT apparatuses and expanding the applications of the FRT technique. These 
developments form the basis of this PhD. 
Chapter 3 has been organised as follows. In the first section, the relationship between 
FRT and characterisation methods used in chemical engineering and chemistry is 
evaluated. In the second section, the fundamentals, theoretical principles, and the 
strengths and weaknesses of the FRT method are considered. In the third section, two 
theoretical models, namely the differential and integral analyses, which can be used to 
analyse FRT experimental results are outlined. In the fourth section, the materials of 
construction for the FRT apparatuses are examined. In the final section, a literature 
review of the previous applications of the FRT method is discussed. 
3.1. Flux Response Technology in Chemical Engineer ing 
Chemical reaction and separation processes constitute the two fundamental branches of 
chemical engineering. Chemical reaction processes include heterogeneous, 
homogenous, and biological reactions. Key separation processes include adsorption, 
absorption, membranes, chromatography, and distillation. Underpinning research and 
development into these branches of Chemical Engineering are characterisation 
techniques. Characterisation techniques play a critical role in understanding physical 
and chemical properties of materials and processes. In reference to chemical reaction 
processes, catalyst characterisation techniques have expanded to encompass a plethora 
of methods ranging from classical volumetric methods used for adsorption processes to 
modem in situ methods such as the temporal analysis of products (TAP) reactor 
(Gleaves et al., 2010). Similarly, in the field of separation processes, there is a spectrum 
of static and in situ techniques including the time-lag technique, electrochemical 
monitoring techniques, and gas chromatography. 
In the wider context, characterisation techniques can be broadly classified as online or 
in situ methods as depicted in Figure 3-1. Online techniques indirectly measure physical 
and chemical properties, whereas in situ techniques directly measure physical and 
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chemical properties of a material. The fundamental advantage of in situ techniques is 
that the properties of the material are measured in real time. There are many in situ 
spectroscopic techniques such as infrared (IR), nuclear magnetic resonance (NMR), and 
laser spectroscopy. Some spectroscopic techniques use vacuum systems. Although 
vacuum-based spectroscopic techniques provide a rich source of information, some 
researchers have alluded to the difficulties of bridging the material and pressure gap. It 
is termed the material and pressure gap because experimentation is often carried out 
under ultra high vacuum using single crystal materials (Topsoe, 2003). Emerging non-
spectroscopic techniques that have overcome these problems include the TAP reactor, 
the Rubotherm magnetic suspension balance. Steady State Isotopic Transient Kinetic 
Analysis (SSITKA), and Flux Response Technology (FRT). 
Online 
measurement 
SYSTEM 
In-situ 
measurement 
Figure 3-1: Generic classification of characterisation techniques used in chemical engineering 
and chemistry 
3.2. Flux Response Technology 
Flux Response Technology is a gas in situ measurement technique based on a 
pneumatic Wheatstone bridge assembly, which uses a differential pressure transducer to 
make differential measurements between two gas lines. In order to understand Flux 
Response Technology, consider single component adsorption on the surface of an 
adsorbent, and a simplified notional system as illustrated in Figure 3-2. The key 
components of the notional system are a sample of adsorbent within some confinement 
and a sensing capillary with attached pressure sensors. In this experiment, a constant 
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inert carrier gas is flowing through the system, and at time zero, a perturbation gas is 
added to interrogate the surface of the adsorbent. Following this perturbation, the 
surface interactions between the perturbation gas and the adsorbent cause adsorption 
and desorption. These transient processes cause miniscule flowrate changes, which can 
be detected by a pressure difference across the sensing capillary. 
Perturbation gas 
SYSTEM - ( C O D ) ) — ' — 
Figure 3-2: Notational system showing a generic system connected to delay lines and single sensing 
capillary. Pressure gauges are fitted either side of the sensing capillary to measure changes in 
pressure. 
The experimental configuration presented in Figure 3-2 is problematic because small 
environmental fluctuations can interfere and adversely affect the accuracy of the 
pressure measurements. For example, even the opening and closing of a laboratory door 
will cause severe pressure fluctuations. Similarly, temperature fluctuations in the 
laboratory due to convective flow will also result in significant variation of pressure. 
These problems, associated with the simple experimental configuration given in Figure 
3-2, can be circumvented by introducing two additional features to the system: Firstly, 
back pressure regulators are used to isolate the system pressure from pressure 
fluctuations in the environment. Secondly, the system is replicated and a parallel system 
is constructed in which a differential pressure transducer is employed to monitor the 
difference between the two gas lines. This parallel system thus consists of a system side 
and a reference side. When the system and reference lines are assembled in a 
Wheatstone bridge configuration, very sensitive measurements can be made using a 
very sensitive differential pressure transducer (1 V output for ±10 mm H2O, which is 
equivalent to 1 V for 98 Pa). Consequently, this combined system forms the basis for 
the FRT apparatus used for experimentation. 
At the heart of Flux Response Technology are flow setting and flow sensing capillaries 
arranged in a Wheatstone bridge configuration. One side of the bridge represents the 
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reference side of the apparatus, while the other side represents the system side of the 
apparatus. By making very sensitive differential measurements via the differential 
pressure transducer (DPT) between both sides of the Wheatstone bridge, minuscule 
voltage changes can be detected, which correspond to transient flowrates in the order of 
10'^  jxlmin'. A schematic of the Wheatstone bridge assembly is demonstrated in Figure 
3-3. 
In operation, the flow setting and flow sensing capillaries cause a fixed pressure 
difference between the system and the reference side of the Wheatstone bridge, which 
results in a constant flowrate through the entire system. The upstream (flow setting) 
capillaries cause a 99 % pressure drop, which determine the carrier gas flowrate. When 
the flowrates are matched on both sides of the bridge using high resolution needle 
valves, the system is referred to as a null system and an initial pressure difference {PQ ) 
is detected by the DPT. Following a perturbation of probe molecules, the Wheatstone 
bridge becomes imbalanced due to the additional flow and the DPT detects a new 
pressure difference {P\) within milliseconds. The pressure difference ( ) is measured 
with respect to the downstream back pressure. Therefore, the virtually incompressible 
gas behaves like a piston and pressure changes almost immediately travel to the DPT. 
Flow setting capillary 
Flow sensing capillary 
Carrier gas - > 
Flow setting capillary 
Perturbation gas 
System 
Exit gas 
\ Flow sensing capillary 
Delay lines 
(a) (b) 
Figure 3-3: Schematic of a Wheatstone bridge assembly: (a) electrical Wheatstone bridge (b) 
pneumatic Wheatstone bridge 
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Once again, consider single component adsorption on the surface of an adsorbent and 
the Wheatstone bridge system presented in Figure 3-3b. Another important feature of 
Flux Response Technology is the use of delay lines, which are empty tubing used to 
extend the path length of the concentration front to the DPT. The extension of the path 
length of the concentration front to the DPT allows FRT to act as a dual flowrate and 
composition detector. In reference to changes in flowrate, FRT measures the addition 
and removal of a perturbation flowrate near instantaneously because the perturbation 
signal travels approximately at the velocity of sound of the fluid and on the length scale 
of the equipment. In reference to changes in composition, FRT can delay the 
measurement of composition effects using delay lines because they only cause very 
small pressure responses relative to the large pressure response caused by changes in 
perturbation flowrate. Therefore, the path length of signal caused by composition effects 
can be delayed. 
Figure 3-4 presents theoretical examples of FRT profiles for single component 
adsorption using pulse and step experiments. Pulse and step experiments constitute the 
two key experimental methods used for FRT experiments. Pulse experiments involve 
the injection of tiny amounts of probe molecules for a fixed time and they are highly 
suited to titration experiments. Whereas, step experiments entail the continuous 
injection of probe molecules until the system achieves a steady state. Step experiments 
can be used to study the dynamic cyclic behaviour of a sample. Although both types of 
experiments reveal similar information, data extraction from step experiments is less 
complicated. Nevertheless, regardless of the experimental approach, the amount of 
probe molecules injected into the system can be tightly controlled via the duration of the 
pulse or step perturbation and the flowrates of carrier and perturbation gases. 
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viscosity 
Time Time 
Figure 3-4: A schematic of typical flux response profiles for pulse and step experiments 
Theoretically, in a single sensing capillary, the change in pressure (pj with distance 
( z ) for laminar flow of a fluid through a section of tube is given by Hagen-Poiseuille's 
Law (see equation 3-1), which assumes the flow is laminar, viscous, and 
incompressible. 
3-1 
In equation 3-2, -K^ is a constant, / / is viscosity, and Q is the volumetric flowrate. 
For an ideal gas. 
8-
MRT 3-2 
where, M is the molar flowrate of gas, R is the gas constant, and T is the absolute 
temperature. By combining equations (1) and (2), the longitudinal pressure gradient can 
be arrived at: 
dz 
3-3 
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The viscosity of a gas is largely dependent on the temperature and, at low pressures, it 
can be considered independent of pressure (Bird et al., 2002). Therefore, viscosity may 
be considered a constant in equation 3-3 (provided the sensing capillaries are kept at a 
constant temperature). Integration along the length of the capillary tube yields the 
following expression: 
In reference to equation 3-4, K—KJ^^ L is the length of the tube and p is the 
pressure at the inlet of the downstream capillary and PBPR is the outlet pressure of the 
downstream capillary. 
Bearing in mind the theoretical basis and experimental design of the FRT technique, its 
capabilities and limitations need to be clarified. The main capabilities of the FRT 
technique are: 
In situ differential measurements are taken between two gas lines. Essentially, 
the system can be potentially used for any gaseous process involving a change in 
volume (dV/dt). 
Delay lines allow FRT to act as a dual flowrate and composition detector 
The system requires no calibration because the analytical method involves 
taking a comparative ratio between the two sides of the Wheatstone bridge 
The system can be perturbed by either temperature, pressure, or concentration 
The materials of construction are relatively inexpensive 
The system can be used to investigate steady state and dynamic behaviour of a 
sample 
Fast experimental times 
It is a bolt system, which can be "remote" from the analysis site 
The main weaknesses of the FRT technique are: 
• It can only be used for systems with a net molar change ^ O) 
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• Difficulty with liquid systems because of problems with maintaining the 
Wheatstone bridge assembly 
• Current prototype systems only operate at atmospheric pressure 
3.3. Theory 
Hagen-Poiseuille's Law is the principle governing equation used to describe the laminar 
flow of an ideal gas through a single sensing capillary (see equation 3-1). In order to 
extract information from a flux response profile, two analytical methods namely the 
differential and integral analyses can be applied to Hagen-Poiseuille's Law. The theory 
of differential analysis assumes that the perturbation step size is extremely small, 
however, such perturbation sizes are impractical because they cannot be accurately 
measured. The theory of integral analysis assumes small and finite perturbation sizes. In 
practice, these perturbation sizes can be accurately measured within the experimental 
apparatus. By considering two different scenarios, theories will be derived. The first 
scenario considers the derivation of a general theory for the addition of perturbation gas 
and the second scenario considers the measurement of relative viscosity of a gas 
mixture using the differential and integral analyses. One key theoretical assumption is 
perfect mixing occurs between the perturbation and carrier gases at the switching valve. 
In practise, the FRT apparatus responds almost instantaneously to the addition of 
perturbation gas and mixing occurs virtually immediately. 
3.3.1. Scenario 1: General Theory for the Addition of Perturbation Gas 
Consider an experiment for addition of perturbation gas in which the carrier gas and 
perturbation gas have the same composition. Consequently, the composition of the gas 
mixture between the perturbation and carrier gases remains the same and a viscosity 
effect does not occur. In this scenario, the FRT apparatus acts a flowrate detector. 
Figure 3-5 presents a schematic of the expected flux response profile, which shows the 
occurrence of a pressure change representing the addition of perturbation gas. The 
addition of perturbation gas causes a near instantaneous response from the DPT 
resulting in a step change in pressure. 
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I 
Pi 
^Po 
Po 
Time 
Figure 3-5: A schematic of the expected flux response profile for the addition of 
perturbation gas into carrier gas causing a positive step change in pressure 
By using generic equation for Hagen-Poiseuille's Law (see equation 3-4), the initial 
pressure at the differential pressure transducer is given by equation 3-5. 
~ ^BPR ~ ^K/jMRI 3-4 
Po ^BPR ~ ^KfiMRT 3-5 
The addition of perturbation gas causes a change in pressure ( p Q to p{) and increase 
in flowrate (AM), which gives equation 3-6. 
^ —I^pj^—2KjLiRT^M+lsA^ 3-6 
Substituting equation 3-5 into equation 3-6 to eliminate gives, 
- pI = IKuRT^M 
3-7 
Equation 3-7 can be factorised to 
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[Px -P^Px +PQ)=2KfMm4 3-8 
3.3.2. Scenario 2: Theory for the Measurement of Relative Viscosity of a 
Binary Gas Mixture 
Consider the measurement of relative viscosity of a binary gas mixture and the flux 
response profile exhibits two pressure changes: the first change ( ^o ) represents the 
addition of perturbation gas, which causes a near instantaneous response from the 
differential pressure transducer; and, the second change ( ^ ) represents the change in 
viscosity in the gas mixture, which is detected when the composition front reaches the 
sensing capillaries (see Figure 3-6). In this scenario, the FRT apparatus acts as a dual 
flowrate and composition detector. 
Pi 
. 1 
viscosity 
Time 
Figure 3-6: A schematic of the expected flux response profile for viscosity measurements showing a 
positive step change caused by perturbation of test gas into carrier gas and a change in pressure 
caused by a change in viscosity from a carrier gas to a mixture of carrier gas and perturbation gas 
3.3.3. Differential Analysis 
For the differential analysis, consider a small perturbation, which causes a rise in 
pressure ( ^ ) , change in flowrate and a change in viscosity (^/). Applying these 
terms to equation 3-4 gives equation 3-9. 
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I^-lir.g=2KpMRl " 
(p + Spy - =2K{H + 5HXM +5M )RT 3 -9 
In equation 3-9, i^p^and are approximately five orders of magnitude larger than 
Sp . Expansion of equation 3-9 and subtraction of p ^ , gives 
2 p5p + {SpJ = 2K{H8M + M5n + 8M5p. ^RT 3 -10 
For linear behaviour, ( ^y and are very small because they both contain 5 
multiplied by 5 , hence they are both second order terms. Therefore, equation 3-10 
simplifies to equation 3-11. 
p ^ = K i p M + m i ) R i 3 - 1 ' 
Taking a ratio of equations 3-4 and 3-11, gives 
2 _ 5M ^ 5^ 3-12 
P PBPR ^ 
Equation 3-12 is the first key expression used for the differential analysis method. Let 
us use equation 3-12 for the scenario illustrated in Figure 3-4. The first change in 
pressure ( Pq to Px) represents the addition of perturbation gas. At the sensing 
capillaries, there is a near instantaneous change in flowrate however, the 
viscosity O) of the gas remains the same due to the delay lines postponing the 
composition effect. Consequently, applying these conditions, gives equation 3-13. 
76 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
^Po(Pi -Po) ^ ^ 3 - 1 3 
{PO PBRP) ^ 
The second change in pressure (Pi to P j ) represents a change in viscosity of the gas 
mixture. At the sensing capillaries, the flowrate change caused by the addition of the 
perturbation gas remains the same, therefore <Sl/=0 
2PO(P2 - P \ ) _ 4/ 3-14 
(Po ~PBRP^ 
A ratio of equations 3-13 and 3-14 gives, 
Px {Pi - P\) PI - PIpr 5fi 3 -15 
If the capillary and pressure step sizes are roughly 
and pI - « p^ - pj^^ , then equation 3-15 can be simplified. 
P2-Pi _M SjU 3 -16 
A-Po P- SM 
Now, let the carrier gas stream have a composition of x.'"' and the perturbation stream 
have a composition of with a flowrate of dM. The addition of perturbation gas will 
cause a change in composition of the carrier gas, which is expressed in equation 3-17. 
sx. = —^—(xr -
Equations 3-16 and 3-17 are combined to eliminate . Equation 3-18 shows the 
second key expression to describe the differential analysis. 
77 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
1 5/J, _P2-P\ 1 
nsx, - A [ x r - x r ) 
3-18 
When S f l and become very small Sjjl j n ^ j -^ [d ju /d j t j / fJ, and the limit of 
equation 3-18 becomes a differential equation as shown by equation 3-19. 
y \ djj, _ \ d j j , _d\n^ _ p^- 1 3-19 
~ ~ [xr - xr) 
3.3.4. Integral Analysis 
For the integral analysis, consider the addition of a perturbation gas {PQIOP \) , which 
causes an increase in flowrate (AM). At the sensing capillaries, this effect occurs near 
instantaneously, and viscosity remains unchanged due to the use of delay lines. When 
these conditions are applied to equation 3-4, it gives equation 3-20. 
pf - PI = IKfi^RTAM 3-20 
In equation 3-20, //q is the initial viscosity before the perturbation has arrived at the 
sensing capillary. When the perturbation gas has reached the sensing capillary, there is a 
change in pressure (P i to P 2 ) , which represents a viscosity change in the gas mixture. 
This is expressed by equation 3-21. 
p2 ^ P — 2AJ?7[A/+AA/]Z^ 
Let us assume that the step sizes are and , which is shown by 
3-21 
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3-22 
^0=Pi-PQ 
3-23 
Dividing equation 3-21 by equation 3-20 gives, 
2A 
2 A 
Api + 
2p, 
2 ^ APo + A P O 
2\ 
(M + AM)A// 
0 V 
3-24 
Since all pressure changes are small relative to the absolute pressure, then 
PQ '^P] -)Podindi Pi » / ^ , / S p 2 . Therefore, equation 3-24 simplifies to equation 3-25. 
Apj _ (M +AM)A/^ 
APo / / Q A M 
= R 
3-25 
add 
In equation 3-25, is the ratio of addition of perturbation gas. If the perturbation is 
the addition of species i and the carrier gas contains no species i, the mole fraction can 
be determined by equation 3-26. 
AM 3-26 
AM + M 
3-27 
In equation 3-27, is the viscosity of the carrier and perturbation gas mixture. 
Therefore, substituting into equation 3-28 gives. 
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3-28 
3.4. Materials of Construct ion 
3.4.1. Function of the Components 
A schematic of a typical FRT apparatus is presented in Figure 3-7. The main 
components of a typical FRT apparatus include mass flow controllers, back pressure 
regulators, the Wheatstone bridge assembly consisting of the flow setting and flow 
sensing capillaries, the differential pressure transducer, the perturbation switching valve, 
and delay lines. In order to understand the function and operation of the FRT system, 
the subsequent sections will provide a detailed description and specification for each 
component. 
Flow seosmg 
capillaries Delay lines 
Flow setting 
/ capillaries 
MFC 
system 
i><W 
- H > < 1 
MF' 
MFC 
/ 
Modified 3 
port valve BPR 
MFC = Mass Flow Controller 
BPR = Back Pressure Regulator 
D P T = Differential Pressure Transducer 
Figure 3-7: A schematic of a typical FRT apparatus consisting of reactor attached to the system 
side of the Wheatstone bridge and the differential pressure transducer (DPT) located 
downstream of the reactor 
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3.4.1.1. Mass Flow Controllers and Back Pressure Regulators 
Figure 3-8 presents photographs of a mass flow controller (MFC) and modified back 
pressure regulators (BPR) used in the FRT apparatus. The role of mass flow controllers 
to maintain a constant mass flow in the Wheatstone bridge assembly. The mass flow 
controller for the carrier gas and the upstream back pressure regulator (BPR) are 
attached together. The purpose of the upstream BPR is to remove the atmospheric 
pressure fluctuations by using constant gas flow. The removal of pressure fluctuations 
and the constant pressure caused by the upstream BPR allows independent operation of 
the mass flow controller. Hence, pressure fluctuations do not affect the mass flow 
controller. In practice, the upstream pressure is usually set just above atmospheric 
pressure at approximately 1.5 bar. The role of the downstream BPR is also to safeguard 
the apparatus from atmospheric pressure fluctuations, which could be caused by weather 
changes or movement in the laboratory such as opening a window. In operation, the 
system and reference gas lines have equal pressures after they have passed through the 
flow sensing capillaries and the merged gas line passes through the downstream BPR to 
exit the system. 
(a) 
(b) 
Figure 3-8: Photographs of the mass flow controller (a) and the modified back pressure 
regulators (b) 
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In order to prevent second order atmospheric pressure fluctuations (note that the back 
pressure regulators operate with reference to atmospheric pressure), the commercial 
back pressure regulators have been modified by closing off the spring cavities and by 
connecting all the BPRs together with 1/16 in outside diameter (OD) tubing. These 
connections ensure that all the BPRs experience the same reference pressure. 
3.4.1.2. Wheatstone Bridge Assembly 
Figure 3-9 presents photographs of the Wheatstone bridge assembly. In operation, after 
the carrier gas enters the apparatus via the back pressure regulators and the mass flow 
controllers, it travels to the Wheatstone bridge assembly inside the metal block. In this 
metal block, the carrier gas splits into two very closely matched gas lines and passes 
through the flow setting capillaries. The flow setting capillaries and the high-resolution 
needle valves are used to control and adjust the flowrates. The needle valves are located 
upstream of the flow setting capillaries. The carrier gas subsequently passes through a 
system containing the test sample and delay lines. Following this, the gas lines re-enter 
the Wheatstone bridge assembly and pass through the downstream flow sensing 
capillaries. 
The metal block can be fabricated from stainless steel or brass. When fabricating the 
metal block, it is paramount that the block has enough thermal mass to maintain a local 
temperature difference between the capillaries to less than 1 x lO"^  °C. This can be 
measured by the noise level of the baseline signal. In order to minimise dead volume in 
the apparatus, zero dead volume connections are machined into the block. 
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Figure 3-9: Photographs of the metal blocks used to house the Wheatstone Bridge assembly 
Some of the earlier systems built at Loughborough University used stainless steel tubes 
of 1.5 m length and 0.25 mm internal diameter for the upstream capillaries. For the 
downstream capillaries, the stainless steel tubes were 0.5 m length and 0.76 mm internal 
diameter. For this reason, the porous filter elements used today are still referred to as 
capillaries. 
3.4.1.3. Differential Pressure Transducer and Data Acquisition System 
A differential pressure transducer (DPT) is a pressure sensor that measures the 
difference between two pressures of a gas or liquid and then generates an electrical 
signal. Differential pressure transducers function by measuring the deformation of a 
pressure sensing material. In relation to the FRT method, the apparatuses are fitted with 
a diaphragm-type DPT because they are suited to measuring very small changes in 
pressure. A simplified schematic of a DPT with a diaphragm-type sensing element is 
illustrated in Figure 3-10. During operation, a change in pressure causes displacement 
of the diaphragm by a few millimetres and this displacement is converted into an 
electrical signal, which is measured as a voltage. 
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P, 
Figure 3-10: Simplified schematic of the elastic pressure sensing element (diaphragm) 
inside the DPT 
Differential pressure transducers can be based on the measurement of inductance and 
capacitance. Inductance is a property of an electrical circuit in which an electromagnetic 
force is created by a change in current and inductive sensors use magnetic fields for 
voltage measurements. Capacitance is an electrical property that exists between any two 
conductors, which are separated by a non-conductor and capacitive sensors use electric 
fields for voltage measurements. In comparison to capacitive sensors, inductive sensors 
are well-suited to corrosive environments because non-conductive contaminants do not 
affect the magnetic fields generated by the change in current. Capacitive sensors cannot 
be used in corrosive or humid environments because they are can adversely damage the 
beryllium membranes, which are commonly used as diaphragm materials in differential 
pressure transducers. Capacitive sensors offer a higher resolution than inductive 
sensors; therefore, they are beneficial for measuring very small changes in voltage. 
The current FRT apparatuses are fitted with a very sensitive differential pressure 
transducer (diaphragm-type) with a capacitive sensor manufactured by Furness Control 
Limited (Model Type FCO 44) (see Figure 3-1 la). In addition, the DPT measures ± 1 V 
for a differential pressure of ± 10 mm of water, which corresponds to ± 1 F for a 
differential pressure of 98 Pa. The main reasons for selecting this DPT include excellent 
range, excellent resolution, and importantly, sufficient robustness to tolerate sudden 
pressure surges caused by accidental leakages. 
In Flux Response Technology, the differential pressure transducer measures the 
difference between the system side and reference side of the Wheatstone bridge in volts 
(V). Consequently, a change in voltage (AV) corresponds to a change in pressure, which 
can be directly related to a change in volumetric flowrate. Depending on the 
84 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
experimental configuration, the DPT can be connected between either the upstream of a 
system or the downstream of a system. In practice, the DPT is connected upstream of 
the perturbation inlet when experiments involve the use of corrosive gases such as 
ammonia because the corrosive gas then bypasses the DPT preventing damage to its 
diaphragm. 
DIFFERENTIAL 
PRESSURE TRANSDUCER 
E, / 
(a) (b) 
Figure 3-11: Photographs of the differential pressure transducer (a) and data acquisition 
system (b) 
In order to record the signal of the differential pressure transducer, a data acquisition 
system is used. There is a broad range of commercial data acquisition system. All the 
experimental setups use a DataShuttle/USB 54 system (Adept scientific) (see Figure 
3-1 lb). The principle benefits of this system include high resolution (22-bit), ease of 
connection (USB), and fast response time. The data acquisition system is linked to a 
desktop computer. 
3.4.1.4. Perturbation Switching Valve 
A photograph of the perturbation three-port switching valve is given in Figure 3-12. The 
perturbation three-port switching valve (1/8 in) has been modified to allow flow through 
operation. The flow through operation prevents interruption of the carrier flow, which 
would cause large pressure spikes. The modification includes machining two ports into 
the valve at 90° angle to the gas supply ports. The adapted ports are designed to include 
Swagelok reducing unions (1/8 in to 1/16 in), which have been bored through to a 
diameter of 1/8 in. These fittings are sealed with rubber o-rings. The modified three-port 
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switching valve is designed to ensure sufficient mixing between the perturbation and 
carrier gas. When the perturbation gas is not switched into the system, the excess gas is 
sent to vent via the back pressure regulator. 
Figure 3-12: Photograph of the perturbation switching valve 
The advantages of the modified three-port switching valve include significant reduction 
of pressure drop on the measurement side of the Wheatstone bridge, which can cause 
changes in the dynamic response of the system, the addition of a nearly square step 
function, and improvement in the mixing between the perturbation and carrier gases. 
3.4.1.5. Delay Lines 
In order to separate the pressure and composition effects on the flux response profile, 
delay lines are used to extend the path length of the concentration front moving through 
the system (see Figure 3-13). Pressure effects are caused by the addition or removal of 
perturbation gas. In contrast, composition effects can be postponed with delay lines. 
Depending on the experimental configuration, the delay lines vary between 5 to \5 mm 
length on the system and reference sides. The delay lines are constructed from 1/4 in 
OD tubing, which can be fabricated from either stainless steel, nylon, or PFA tubing. 
86 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Figure 3-13: Photographs of the delay box 
3.4.1.6. Pipework 
The majority of the pipework in the experimental apparatus is 1/8 in OD tubing with a 
1/16 in bore. The material is either PFA or stainless steel. When connecting the FRT 
apparatus to a system at higher temperature, stainless steel tubing must be used. 
Standard tube fittings (Swagelok) are used to connect the components. When making 
the pipework using PFA tubing, it is paramount to avoid over-tightening because 
squeezing the ferrule reduces the tubing diameter, which causes a pressure drop in the 
apparatus. 
3.4.2. FRT Experimental Apparatuses 
Three FRT experimental apparatuses were partially built at the Department of Chemical 
Engineering, Loughborough University and were commissioned at the Department of 
Chemical Engineering and Chemical Technology, Imperial College London. 
Commissioning of the FRT apparatuses was carried out over a three year period, where 
each apparatus has been modified for a given experimental study. The core components 
of the FRT apparatuses are detailed below and the subsequent chapters will discuss 
specific modifications to the experimental rig for a given application. 
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3.4.2.1. FRT Apparatus: System 1 
System 1 is the first experimental apparatus that was commissioned at Imperial College 
London. A photograph of system 1 is presented in Figure 3-14. This experimental 
apparatus consists of separate upstream and downstream blocks containing flow sensing 
and flow setting capillaries, which are manufactured from brass. 
The DPT is located 
downstream of the 
system 
The dowastream block is 
constructed &om brass 
Combined upstream and 
downstream block, which is 
constructed 6"om stainless steel 
Figure 3-14: Photograph of System 1 
In system 1, the differential pressure transducer is located downstream of the system 
and the internal pipework is a combination PFA and stainless steel tubing. Due to the 
location of the differential pressure transducer, system 1 has been modified to 
investigate nitrogen adsorption at liquid nitrogen temperature on aluminium oxides and 
membrane permeabilities of food packaging films. These applications are suitable for 
system 1 because they did not involve the use of corrosive gases. 
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3.4.2.2. FRT Apparatus: System 2 
System 2 is the second experimental apparatus that was commissioned and it contains a 
single stainless steel block for the flow setting and flow sensing capillaries. A 
photograph of system 2 is presented in Figure 3-15. 
The DPT is located 
\3p3trcam of the system to 
protect its intemzU 
condone nts 
The block is Fabricated Bom 
stainless steel 
Combined i^s t ream and 
downstream block into a single 
condone nt 
Figure 3-15: Photograph of System 2 
The combination of the upstream and downstream blocks into a single unit ensures that 
the flow sensing and flow setting capillaries are exposed to the same local temperature. 
Therefore, experimental errors due to small temperature fluctuations are reduced. Other 
features of system 2 include all the internal pipework is PFA tubing, and the DPT is 
located upstream of the system. System 2 has been modified to investigate ammonia 
sorption on zeolites. Consequently, it is paramount that the differential pressure 
transducer is located upstream of the system to protect its internal components. 
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3.4.2.3. FRT Apparatus: System 3 
System 3 is the third experimental apparatus that was commissioned and it has been 
designed to reduce the overall size and dimensions of the previous experimental 
apparatus discussed earlier. A photograph of system 3 is given in Figure 3-16. 
The block is fabricated 
&om stainless steel 
Combined iq)stream and 
downstream block into a 
single component 
The D P T is located lustre am of 
the system to protect its internal 
components 
Figure 3-16: Photograph of System 3 
Similar to system 2, this experimental apparatus contains a combined metal block for 
the flow sensing and flow setting capillaries, which is manufactured from stainless steel. 
The differential pressure transducer is also located upstream of the system. In contrast to 
the other systems, system 3 uses stainless steel tubing for all the internal pipework. 
System 3 has been used for the measurement of gas crossover across fuel cell 
membranes and the measurement of oxygen permeabilities across contact lenses. 
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3.4.2.4. Specification of FRT Apparatuses 
The specification of the components used to construct the FRT apparatuses is detailed in 
Table 3-1. 
Table 3-1: Specification of FRT apparatuses 
Key components Manufacturer Model Specification 
Differential Fumess Controls ECO 44 ±1V for 10 mm 
pressure 
transducer (DPT) 
Limited 
Upstream flow Porter Red anodize 60 ml.miri' 
element control Instruments 
(flow setting 
capillaries) 
Downstream Swagelok S S 2 F K 2 2 micron element 
filter Elements pore size 
(flow sensing 
capillaries) 
Modified Porter 9000 SMVS 60 60 psi 
upstream back Instruments 
pressure 
regulator (BPRl) 
Modified Porter 9000 SMVS 15 15 psi 
downstream back Instruments 
pressure 
regulator (BPR2) 
Modified Porter 9000 SMVS 30 30 psi 
perturbation gas 
back pressure 
regulator (BPR3) 
Instruments 
Carrier gas mass Porter VCPSVS60 60 ml.miri' 
flow controller Instruments 
(MFCl) 
Perturbation gas Porter VCPSVS5 5 mlmiri' 
mass flow Instruments 
controller 
3.5. F lux Response Technology: A Literature Rev iew 
Several experimental methods have been developed using the principles of Flux 
Response Technology. These experimental methods include sorption-effect 
chromatography, perturbation viscometry, reaction kinetics of heterogeneous catalytic 
reactions, and measurement of gas mixing volumes. The subsequent sections will 
discuss each experimental method highlighting the key modifications to the design of 
the FRT apparatus. 
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3.5.1. Sorption-Effect Technique 
3.5.1.1. Gas Chromatography 
Sorption-effect chromatography is a FRT technique that measures changes in effluent 
volumetric flow rate caused by perturbation of an absorbable substance (sample gas) 
into a non-absorbable carrier gas. The sorption-effect signifies the behaviour of the 
absorbable species entering and leaving a column. In order to explain the fundamentals 
of sorption-effect chromatography, consider a packed chromatographic column with a 
non-adsorbate carrier gas. A small perturbation of sample gas causes a surge in flow. 
Hypothetically, one can think of the sample gas as a band; at the rear, the substance is 
moving forward because it is being liberated, and at the front, the substance is being 
reabsorbed. When the sample gas reaches the column, a pause is caused followed by 
partial sorption. Similar to the usual chromatographic process, the sample gas is 
separated into bands in the column. Desorption occurs when each absorbable band 
leaves the column causing a surge in effluent flow rate. These transient effects can be 
measured using a very sensitive differential pressure transducer. 
The development of sorption-effect chromatography can be traced back to the seminal 
work of Buffham et al., which details the model independent aspects of perturbation 
chromatography theory (Buffham, 1978). Put explicitly, the term model independent 
means that the phase equilibrium properties can be derived from mass balances and 
assumes certain steady states are equilibrium states. Drawing on an earlier study into 
tracer chromatography (Buffham, 1973), the model relates mean response times to 
equilibrium properties for step and pulse perturbation chromatography. The paper 
provides a detailed derivation of the model. For a step perturbation, the mean time of a 
particular species is defined as the ratio of the change in the equilibrium holdup of the 
species in the column to the change in the rate at which it is transmitted through the 
system. In contrast, the mean time for a pulse perturbation is described as the derivative 
of the holdup with respect to the transmission time. Expressions for the step and pulse 
perturbations are given by equations 3-29 and 3-30, respectively. 
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3-29 
' ' - I F 
dH, 3-30 
k^K 
where, is the retention time of species I, H* is the holdup of species I, M - is the 
flow rate, X is the mole fraction, and s ^ is Kronecker delta (1 if k =j, 0 otherwise). 
Buffham et al. outlined the differences between standard gas chromatography and 
sorption-effect chromatography (Buffham et al., 1986). In a typical standard gas 
chromatography system, there is a column containing packing material or film with a 
flowing carrier gas. At the entrance to the column, the analytical sample is injected into 
the column and the components of the sample travel through the column absorbing at 
different rates. Consequently, the stronger absorbed components travel through the 
column more slowly. Once all the components have travelled through the column, the 
composition of the components in the carrier gas is detected. By using a reference 
column, differential measurements are made between the effluent gas lines. Calibration 
of a standard gas chromatograph involves injection of known mixtures to identify the 
response of the instrument for a given species. In summary, calibration depends on the 
operating conditions and the physical properties of the carrier gas and sample. In 
contrast, sorption-effect chromatography involves measuring differences in flow rate as 
opposed to composition. Therefore, a very sensitive differential pressure transducer is 
used to measure changes in inventory within in the column. These changes in inventory 
correspond to transient effects caused by injection of a sample such as absorption and 
desorption. 
The earlier sorption-effect chromatography experiments were undertaken with the 
experimental setup illustrated in Figure 3-17. The experimental setup consists of a 
modified isothermal katharometer chromatograph with a precision pressure regulator 
used to feed the carrier gas, a deflecting diaphragm differential pressure transducer, and 
matched flow setting and flow sensing capillaries. In order to investigate the 
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effectiveness of the sorption-effect method, Buffham et al. (1986) compared the 
sorption-effect chromatogram with the conventional chromatogram. When using 
hydrogen or helium as a carrier gas, the researchers recognised that the sensitivity of 
differential pressure transducer is less than that of the katharometer detector. In 
addition, another disadvantage included difficulties related to data interpretation due to 
the low viscosity of hydrogen. In general, the experimental setup presented in Figure 
3-17 is sensitive to sudden atmospheric changes, which can cause a drift in the baseline 
over a prolonged period. 
PPR 
flow setting 
capillaries 
K " 
glass columns 
rV\A-
-WA-
katharometer 
i 
flow sensing 
capillaries 
DPT J T 
A V — 
Air thermostat 
PPR =Precision Pressure Regulator 
Conventional 
chromatoff'aphic oven 
and detector 
Figure 3-17: A schematic of experimental setup used for sorption-effect chromatography consisting 
of a two detectors (a katharometer and a differential pressure transducer) 
In 1985, Buffham and co-workers expanded the theory of the sorption-effect 
chromatography to describe the retention times and retention volumes of a binary 
chromatographic system (Buffham et al., 1985). In order to apply the theory to the 
simultaneous measurement of the composition transients and the sorption-effect, they 
also presented preliminary experimental results for the determination of retention times 
using simultaneous adsorption of argon and nitrogen on Linde 5A molecular sieve. 
When determining the limiting slopes of the equilibrium curves for the simultaneous 
adsorption of nitrogen and argon on the Linde 5A molecular sieve, they contended that 
their results are consistent with other data reported in the literature. However, the study 
needs to address issues related the unexpected oscillating flow transient at the beginning 
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of the experiment. Ahhough they argue that the oscillating signal does not have a great 
impact on the results, the accuracy of the data would be improved by experimental 
modifications such as accurate matching of the adsorption columns. 
In subsequent studies. Mason and co-workers explored the determination of void 
volumes in packed chromatographic columns using sorption-effect chromatography. 
The experiments include an investigation into nitrogen-helium and argon-helium 
adsorption onto 5A molecular sieve packing at 40 °C. In order to validate the 
experimental method, the researchers calculated the theoretical volumes of the void 
zones. They explained that the volume of the void zones can be determined directly 
from the sorption-effect profile using the experimental setup presented in Figure 3-17. 
When analysing the sorption profile, the presence of a void zone is indicated by a sharp 
desorption peak as the sorbable band leaves the packing, which is followed by a sharp 
re-adsorption peak as it returns to the packing. The results showed a close correlation 
between the estimated void zone, which is determined from theory, and the measured 
void zone. For the nitrogen-helium experiment, the estimated void zone volume, and the 
measured void zone volumes are 0.0624 cm^ and 0.0628 cm^ respectively. Similarly, for 
the argon-helium experiment, the volumes are 0.0611 crr^ and 0.0628 cn^ respectively 
(Rathor et al., 1987, Rathor et al., 1988). 
It is important to emphasize that the differential pressure transducer acts as a flow rate 
and viscosity detector. In sorption effect chromatography, Meacham et al. investigated 
various experimental configurations that incorporate delay lines to separate peaks on a 
typical flux response profile. They concluded that the viscosity effect can be detected by 
integrating delay lines between the column and the DPT (Meacham et al., 1990). 
In an attempt to improve the experimental design of the sorption-effect chromatography 
apparatus, Meacham et al. proposed several design modifications to minimise the 
effects of thermal noise. In sorption-effect chromatography experiments, random 
temperature fluctuations can cause small changes in flowrate that distort the signal. One 
of the most significant findings was temperature control of the flow setting and flow 
sensing capillaries significantly reduced the prevalence of thermal noise effects. 
Another important observation is that the noise levels measured in the chromatographic 
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columns can be drastically reduced by using a purpose designed jacketed column, which 
is constructed from two glass columns that are wound together and placed within a glass 
jacket (Meacham et al., 1993, Meacham et al., 1992). A schematic of a modified 
experimental apparatus used for sorption-effect chromatography experiments is depicted 
in Figure 3-18. The schematic shows the typical components of a basic FRT apparatus 
alongside two detectors, which are a semi-diffusion thermal conductivity detector, and a 
differential pressure transducer. 
flow setting sampling valve 
capillaries ; 
flow sensing 
/ capillaries 
AAA 
DPT 
AAA AAA— BPR BPR 
glass columns 
Figure 3-18: A schematic of modified experimental setup used for sorption-effect chromatography 
consisting of two detectors (a thermal conductivity detector and a differential pressure transducer) 
In 2005, Heslop and co-workers investigated the determination of chromatographic 
retention times using mixture pulses of different compositions using adsorption 
measurements (Heslop et al., 2005). The retention time is defined as the time taken for a 
pulse to pass through a column. Conventionally, they explain that the retention time of a 
pulse is related to two isotherm gradients (for a binary system), which is given by 
equation 3-31. 
dw, dw^ 3-31 
-4--
where, tr is the retention time, tg is the time taken for the non-adsorbed pulse to travel 
through the column, yA and yg are the composition of the carrier gas for components A 
and B flowing at volumetric flowrate of Q, WA and WB are the amount adsorbed per unit 
mass of adsorbent for components A and B, and W is the mass of the adsorbent. 
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In reference to equation 3-31, the retention time should be independent of the pulse 
composition. The experiments investigate an ethane-helium 13X zeolite system at 50 °C 
using a similar experimental configuration given in Figure 3-18. One of the most 
significant findings to emerge from the study was a linear relationship between the 
pulse retention time and the composition of the pulse gas. In addition, they concluded 
that it is misleading to average the pulse retention times of two pure components except 
when the carrier gas composition is approximately 50 %. As an alternative approach, 
they suggested using a weighted average of the retention times. 
Heslop et al. conducted a theoretical and experimental investigation into the binary 
chromatographic retention times using step perturbations. Drawing on the theoretical 
model for pulse perturbations, they showed that the measured retention time for a small 
and fixed perturbation flow (step perturbation) is dependent on two binary isotherm 
gradients, the column pressure drop, and the composition of perturbation gas. The 
complete solution of the model is given in equation 3-32. 
1 3-32 
In equation 3-32, Kstep is the measured binary equilibrium constant for general 
perturbation, Kcp is the binary equilibrium constant for constant column pressure, P is 
the dimensionless column pressure drop, and G is the correction factor to allow for the 
change of in the column. fJ- is the viscosity, is the mole fraction of component 
A in the main (or carrier) gas, and y'^ is the mole fraction of component A in the 
perturbation flow. 
One of the observations reported in earlier studies was that the retention time for 
nitrogen is always greater than for argon for a step perturbation (Rathor et al., 1987, 
Rathor et al., 1988, Heslop et al., 2008). To validate this observation and the theoretical 
model for the retention time, experimental data for nitrogen-argon-5A zeolite system at 
25 °C was used. When analysing their findings, Heslop et al. (2008) concluded that the 
experimental data confirmed the complete solution because it showed the retention time 
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for the nitrogen perturbation is higher than the argon perturbation. This observation was 
due to larger nitrogen adsorption. 
3.5.1.2. Binary Adsorption Isotherms 
Mason et al. established the theory and experimental method to measure binary 
adsorption isotherms based on the sorption-effect technique. In order to demonstrate the 
technique, they investigated the binary adsorption of nitrogen-argon mixtures on 5A 
molecular sieve at 50 °C (Mason and Buffham, 1996a, Mason and Buffham, 1996b, 
Mason et al., 1997). 
In the first publication, the researchers explained that the theoretical basis of the 
experiments stems from mass balances on a chromatographic column. Fundamentally, 
the theory has been extended to take into consideration small perturbations. Mason & 
Buffham (1996a) provided a detailed theoretical derivation of the method. The key 
equation resulting from the theoretical analysis is given in equation 3-33. 
3-33 
/ 
In equation 3-33, is the change in the total amount of species i in the carrier gas 
(the holdup), is the change in concentration of species i in the carrier gas, and, 
Qat •> ^at 5 ^at are the volumefric flowrate, pressure, and temperature of the gas 
leaving the apparatus respectively. Pout is the pressure of the gas leaving the 
chromatographic column, is the pressure drop down the column, T is the column 
temperature, x . , xj are the initial composition of species i and the composition of 
the perturbation stream, and are the retention times of the composition and 
flowrate fransients. 
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The experimental method consists of a chromatographic column with a system stream 
and dummy stream of carrier gas (Mason and Buffham, 1996a). A gas mixture 
continuously flows through the system stream and perturbations are injected into the 
stream resulting in a change in composition and flowrate. They further explained that 
the measurement of two components require the use of two detectors. For this 
experiment, a differential pressure transducer and a katharometer are the detectors. A 
schematic of the experimental apparatus is presented in Figure 3-19. In operation, a gas 
mixture enters the air thermostat subsystem and it separates into two equal gas lines. 
The air thermostat system contains needle valves and capillaries attached to each system 
and on-off valves attached to a gas changeover valve. These valves are used for the 
perturbations. Once the gas lines have left the air-thermostat, they enter the oven 
containing matched columns with the adsorbent and the katharometer. Then, the gas 
lines enter the differential pressure transducer and exit the system. 
To validate their experimental setup. Mason and Buffham (1996) investigated the 
binary adsorption of nitrogen-argon mixtures on a 5A molecular sieve at 50 °C. They 
compared experimental results for adding a perturbation of nitrogen and a perturbation 
of argon. Although these experiments should yield the same results, the study concluded 
that there is a systematic error in the analysis of the results, which is attributed to the 
pressure drop in the column. 
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Figure 3-19: A schematic of experimental setup used for binary adsorption consisting of two 
detectors (a katharometer and a differential pressure transducer) 
In the second publication, Mason and Buffham (1996b) addressed the issue of pressure 
drop in the column by modifying their theory. Consequently, equation 3-34 describes 
the relationship between the holdup in column and the concentration of species i in the 
carrier gas. 
Sc P F T 
I mean p al \ 
r, +-
Z, 
0 " 
i 
3-34 
Where, Pmean is the effective mean pressure in the column and 
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When analysing the experimental results for the binary adsorption of nitrogen-argon 
mixtures on a 5 A molecular sieve at 50 °C using these equation, they concluded that a 
single isotherm can be obtained using a perturbation of nitrogen or argon. 
In the third publication. Mason et al. modified the experimental setup to include delay 
lines, which separate the composition and viscosity effects. They also included the 
effect of viscosity in the relationship between the holdup in column, and the 
concentration of species i in the carrier gas as given by equation 3-35. 
SH. MKT. col 
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T, + -
- z , ' 
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where, M is the flowrate, R is the gas constant, and is the temperature of the 
column. 
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By comparing the isotherms of the nitrogen-argon mixture with binary Langmuir 
isotherms, they concluded that the experimental results are consistent. 
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3.5.2. Perturbation Viscometry 
In an attempt to widen the applications of FRT, Buffham and co-workers have 
investigated the measurement of gas viscosities, which is referred to as perturbation 
viscometry. In 1998, Mason et al. introduced the perturbation viscometry technique for 
the measurement of viscosity on gas mixtures (Mason et al., 1998). They explained that 
well-established methods, such as oscillating body and capillary flow viscometry, 
directly measure the viscosity of gas mixtures. Whereas, perturbation viscometry uses 
an alternative approach because it measures the gradient of the viscosity-composition 
function. By making small changes to the composition, the viscosity-composition 
gradients across the entire composition range can be measured. Integration of these 
gradients yields data for the relative viscosity across the composition range. FRT can 
only measure relative viscosities because the tube constants of the capillaries cancel out 
during analysis. In addition, the analysis does not take into account the secondary 
effects that occur with absolute viscometry techniques such as slip at the tube wall and 
kinetic energy losses. Due to the theoretical basis of FRT, these secondary effects also 
tend to cancel. Mason et al., (1998) outlined the theory of perturbation viscometry and 
they introduced the theory of differential analysis, which is detailed in section 3.3.3. 
A schematic of the experimental apparatus is presented in Figure 3-20. In perturbation 
viscometry, the mixture flowing through the capillary tube is perturbed by a small 
stream of perturbation gas of known composition. The addition of the perturbation gas 
alters the flowrate and composition of the mixture. Subsequently, the composition front 
passes through the delay lines until it reaches the capillary tube and there is a pressure 
change that corresponds to an increase/decrease in viscosity of the gas mixture. 
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Figure 3-20: A schematic of experimental setup used for perturbation viscometry 
In order to test the experimental setup, preliminary experiments involved measuring the 
relative viscosity of a nitrogen-argon system at 1.2 har and 24 °C. By explaining that 
the best quality results are obtained from nitrogen perturbations into an argon-rich 
mixture (or argon perturbations into a nitrogen-rich mixture), they reported a relative 
viscosity of 1.2670 for a nitrogen-argon system. In comparison to data reported in the 
literature, there is a difference of 0.5 % between other researchers. 
In perturbation viscometry, the relative viscosity can be determined from the pressure 
difference caused by the addition or removal of the perturbation gas mixture. During the 
preliminary experiments, the researchers identified a small pressure difference between 
the addition and removal of the perturbation gas mixture. In order to verify this effect, 
Mason et al, (2000) proposed a modified theory for making viscosity measurements on 
multicomponent gas mixtures. The modified theory is referred to as the integral 
analysis, which is outlined in section 3.3.4. 
Experimentally, although the averaged relative viscosity differed by a maximum 
difference of 0.4 % with other data reported in the literature, they acknowledged that the 
experimental design may be affecting the accuracy of the results. These experimental 
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design issues include the lack of full thermostatic control of the experimental apparatus 
and inadequate measurement of carrier gas composition (Mason et al., 2000). 
While investigating oxidation reactions in controlled reactions, Hellgardt et al. 
determined the viscosities of gas mixtures containing trace quantities of oxygen using 
perturbation viscometry and an electrochemical cell. Based on their literature research, 
they contended that no accurate viscosity measurements have been carried out at very 
low oxygen partial pressures because of the scarcity of accurate mixing devices for gas 
mixtures of He/Oi and N2/O2. By using perturbation viscometry, they reported viscosity 
as a function of oxygen partial pressure for the He/Oz and N2/O2 systems are 116.98 fxP 
and 33.46 fxP, respectively. By carrying out a linear regression analysis, they asserted 
the accuracy of the data is in the order of 0.1 //P (Hellgardt et al., 2000a). 
Taking into consideration the weaknesses of the experiment apparatus identified by 
Mason et al., (1998), the researchers reported a modified thermostat-controlled 
perturbation viscometer (Russell et al., 2003). A schematic of the modified experiment 
setup is illustrated in Figure 3-21. The key experimental modifications include a flow 
setting block, a perturbation switching valve, and a heat exchanger. When the carrier 
gas enters the apparatus, the flow setting block splits the gas into two lines, which are 
stable and very closely matched. Previously, the perturbation switching valve (1/16 in) 
was modified using two adapters to convert the valve into a flow through system. This 
caused experimental problems such as large spikes in the flux response profile, which 
changed the dynamics of the response of the system. In addition, the geometrical 
differences between the valve and pipework caused significant pressure drop to the 
system side of the Wheatstone bridge. The modified perturbation switching valve (1/8 
in) incorporates changes to the valve body, which improves the mixing between the gas 
lines. A countercurrent heat exchanger is used to preheat the gas to the operating 
temperature of the capillaries, which is located after the differential pressure transducer. 
This heat exchanger provides the apparatus with sufficient temperature control. 
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Figure 3-21: A schematic of the modified experimental setup used for perturbation viscometry 
By using the modified perturbation viscometer, Russell et al, (2003) measured the 
viscosity-composition gradients for helium-nitrogen mixtures at 360 °C across the full 
composition range. In order to compare with other data reported in the literature, they 
converted the viscosity-composition gradients into relative viscosities. They determined 
that the relative viscosities for nitrogen-helium mixtures are consistent with other data 
reported by other researchers, where it only shows less than 1 % deviation. 
In another study, Russell et al. used the modified perturbation viscometer to investigate 
the viscosity ratios for ternary gas mixtures. The study involved the determination of an 
outline viscosity-composition surface of a ternary mixture argon-nitrogen-helium at 
98.5 °C (Russell et al., 2004). In order to validate the experimental results, they 
developed a number of internal consistency checks. One of these consistency checks 
involves determining the product of the viscosity ratios for the three pure component 
viscosity ratios (each ratio is determined from a binary mixture), which must be equal to 
unity for the data to be consistent (Heslop et al., 1997). Therefore, equation 3-36 
expresses the relationship for the three component viscosity ratios for the mixture of 
argon-nitrogen-helium. 
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For this study, Russell et al, (2004) stated that the ratio is 1.0003; hence, the internal 
consistency check is satisfied. The main experimental result is the determination of a 
preliminary viscosity surface for the ternary mixture of argon-nitrogen-helium at 98.5 
°C. They argued that experimental results are highly accurate and reliable because it 
satisfies a series of internal consistency checks. 
The previous studies related to perturbation viscometry have investigated the effect of 
small perturbations in the range of 2 % to 6 % of carrier gas flow. In 2005, Russell et al. 
adopted an alternative approach by exploring the effect of very large (up to 150 % main 
flowrate) perturbation flows. The experiments investigated argon-nitrogen mixtures at 
25 °C and 1.1 bar using large and small perturbations. By applying various theoretical 
methods to analyse the experimental results, they concluded that the most favourable 
method is the integral method because the analysis of experimental data is less 
complicated, and the other methods have less excess data. Hence, there are few 
possibilities for internal consistency checks (Russell et al., 2005). 
In 2006, Russell et al. measured viscosity-composition gradients of non-ideal gas 
mixtures using the modified perturbation viscometer. The experiments involve testing 
helium-HFC 125 mixtures at 23 °C and 0 °C. One of the most significant experimental 
modifications was the incorporation of a cold block. The cold block contains additional 
delay lines and measuring capillaries. The measuring capillaries are wound onto nickel 
former and it can be assumed that the all the components have the same temperature. A 
Peltier chiller controls the temperature of the cold block and operates at stable 
temperature down to -20 °C. They further developed a theoretical model for determining 
the viscosity-composition profile for non-ideal gas mixtures, which is detailed in the 
publication. The theoretical model accounts for several factors including the volume of 
mixing, density changes, and thermal expansion. By undertaking independent 
measurements and internal consistency checks, Russell et al. contended that the 
estimated uncertainty in the viscosity data at 23 °C and 0 °C are 0.9 % and 1.5 % 
respectively (Russell et al., 2006). 
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While investigating the sorption of carbon monoxide on a catalyst material, Richardson 
et al, (2008) measured the viscosity of carbon monoxide and helium mixtures relative 
to the viscosity of carbon monoxide across a full composition range at 25 °C and 0.11 
MP a (abs). They explain that previous publications have often predicted the presence of 
a maximum for carbon monoxide and helium, but there is no experimental evidence 
reported in the literature. By using perturbation viscometry, they reported that the 
viscosity-composition curve has a maximum at 0.09 carbon monoxide mole fraction 
(Richardson et al., 2008). 
3.5.3. Reaction Kinetics of Heterogonous Catalytic Processes 
Numerous studies reported the application of FRT to the measurement of reaction 
kinetics of heterogeneous catalytic reactions, hi order to determine the reaction kinetics, 
consider a typical flux response profile and single irreversible heterogeneous catalytic 
reaction shown in Figure 3-22 and equation 3-37, respectively. 
Pulse perturbation 
I Reaction 
Viscosity effect Adsorption 
Time 
Figure 3-22: A schematic of flux response profile for a catalytic reaction 
— y V p P 3-37 
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where, VR and v? are the moles of reactant R consumed and the moles of product P 
produced, respectively. Therefore, gas volume changes are due to an increase or 
decrease in the number of moles. In order to determine the molar amount of reactant R 
injected (which is between point 1 and 3 in Figure 3-22), an integration of the injection 
peak needs to be carried out. If the signal from the differential pressure transducer is S(t) 
and the molar flow rate is F(t), then the molar amount of reactant R is given by: 
#= ^ F{t)dt = S{t)dt 3-38 
K is the calibration factor that converts the measured signal to the molar flow rate. 
Following this, the reaction causes a flux response and the integration of the flux 
response yields the net molar amount produced by the reaction P„et, which is given by. 
P.„ = l'F(f)dt = K l y { t ) d t 3-39 
The conversion X is the ratio of the extent of reaction to the extent of reaction if it was 
to go to completion. Therefore, 
^net _ •'s 
Vp-Vi, R Vp-VR 
3-40 
1 
X —' 
3-41 
3.5.3.1. Methanol Decomposition 
Several studies have been reported for the investigation of methanol decomposition (see 
equation 3-42) over several catalysts using FRT. Buffham et al, (2000) presented the 
first publication of the use of FRT to investigate the reaction kinetics of methanol 
decomposition. 
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Buffliam et al. reported the experimental method used to measure methanol 
decomposition over platinised alumina using FRT. Taking into consideration the earlier 
application of measurement of gas-solid adsorption isotherms using the sorption-effect 
technique, the researchers modified the experimental apparatus to measure 
heterogeneous catalytic reactions. A schematic of the experimental apparatus is shown 
in Figure 3-23. 
The key experimental modification was the reduction in carrier gas flowrate. The 
methanol perturbations were carried out with a syringe. When carrying out the 
experiments, a range of pulse experiments were undertaken to investigate the 
conversions of the reactant. The authors explained how to determine the conversion of 
heterogeneous catalytic reactions directly from a flux response profiles. In order to 
validate the experimental results, a mass spectrometer was used to monitor the 
composition of the exit stream leaving the FRT apparatus. The flux response profiles 
typically showed the main effects of adsorption, reaction, desorption, and viscosity. One 
interesting observation was noticed for the pulse response experiment 260 °C, which 
shows an unexpected peak at 15 min. They postulated that the unexpected peak may be 
due to the difference between the thermal expansivity of the reaction products and 
helium (Buffham et al., 2000). 
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Figure 3-23: A schematic of experimental setup used for reaction kinetics sliowing a syringe used 
the perturbation of methanol 
In order to improve the design of the experimental apparatus, Buffham et al., (2000) 
proposed a number of recommendations. They firstly suggested using a personal 
computer to record the data so more advanced mathematical operation such as 
regression and integration can be undertaken. Secondly, they acknowledged that 
significant improvements are required for the injection system. These improvements 
include an injection system that consists of a sampling or switching valve, vapouriser, 
and pre-mixer. Due to the use of a syringe for methanol perturbation, Buffham et al, 
(2000) acknowledged the lack of data repeatability of the pulse injections. 
The work of Hellgardt et al. reported on methanol decomposition over crushed 
Pt/alumina pellets at temperature of 260 °C and 400 °C. The experimental setup 
consisted of the parallel Wheatstone bridge configuration; however, the methanol 
perturbations were carried out with a syringe. In order to validate the experimental 
results, the researchers monitored the composition of the exit stream of the FRT system 
with a mass spectrometer. Comparing the results between the two experimental 
techniques revealed that the FRT profiles showed an adsorption peak due to the net loss 
of molecules from the gas phase, whereas the adsorption processes (at two 
temperatures) could not be detected by the mass spectrometer. Another aspect of the 
study was the demonstration of the pulse and step experiments using FRT. Similar 
information can be extracted from both experiments; however, Hellgardt et al. 
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highlighted the benefits of the step experiments including ease of injection of 
perturbation, and less tedious data analysis. Practical modifications to the experiment 
setup would improve ease of pulse experiments such as the use of a pre-mixing unit that 
is attached to a switching valve. This modification would eliminate the use of the 
syringe for perturbations, and overcome some of the practical problems associated with 
the pulse experiments (Hellgardt et al , 2000b). 
Richardson et al. investigated methanol decomposition over Pt/alumina, and 
Cu/ZnO/alumina, which is a methanol synthesis catalyst using FRT and a mass 
spectrometer. When using Cu/ZnO/alumina, they found that the reaction was sensitive 
to trace levels of oxygen in the feed stream. Consequently, without use of an oxygen 
trap, there was an accumulation of trace levels of oxygen adsorbed onto the catalyst 
surface. This result is shown by FRT and the mass spectrometer. The researchers 
proposed two different reasons for the accumulation of trace levels of oxygen. Firstly, 
they suggested water condensation may occur after it leaves the oven and the mass 
spectrometer data show a slow release of water. Alternatively, they proposed another 
explanation related to the re-adsorption of hydrogen, which reacts very slowly with 
oxygen to produce water (Richardson et al., 2000). 
In a subsequent study, Buffham et al. have taken an alternative approach by developing 
a mathematical model and simulation of the flux responses of a gas-solid catalytic micro 
reactor. The mathematical model describes the flux response of catalytic reactions such 
as methanol decomposition, and makes a number of assumptions. These assumptions 
include that the pressure drop is vanishingly small, the reactor is isothermal, and ideal 
gas behaviour is assumed due to its low pressure. Although the simulation produced 
similar behaviour to experimental flux response data, the researchers identified several 
limitations of the model. Firstly, the time scales between the experimental data and the 
simulation showed considerable differences because of different reaction parameters, 
operating variables and physical scales. Furthermore, the simulations were constrained 
by the range of validity of the mass transfer correlation. Secondly, the model was an 
inadequate representation of methanol decomposition using a mixture of alumina and 
platinised alumina because the two materials may have different adsorption and reaction 
characteristics. Finally, model parameters and kinetic data cannot be extracted from flux 
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response data. By using the simulation, Buffham et ah, (2002) intended to extract 
parameters that are more realistic by designing experiments to accentuate particular 
behaviour. These experiments would take into consideration operating conditions such 
as flow rate and physical conditions such as carrier transport properties (Buffham et al., 
2002). 
3.5.3.2. Ammonia Adsorption and Decomposition 
By coupling the FRT apparatus to a mass spectrometer, Richardson et al. carried out 
preliminary experiments to investigate the nano titration of ammonia on crushed 
aluminium oxide pellets at ambient conditions. The experiments involved successive 
pulse injections for approximately 60 At the beginning of the experiments, they 
concluded that most of the ammonia is adsorbed because the total areas of the injection 
and adsorption peaks agree within 2.5 %. At this phase of the experiments, they report 
approximately 40 % coverage of the total surface of the adsorbent, which was 
determined by BET analysis. The researchers also demonstrated that the flux response 
profile could be used to evaluate the rate of adsorption per unit time, which can be used 
to determine the degree of ammonia dispersion within the sorbent packing. When 
comparing the FRT method to a mass spectrometer, they concluded that the mass 
spectrometer offers no information about the degree of ammonia dispersion until the 
ammonia has left the apparatus (Richardson et al., 2004b). 
In 2004, Richardson et al. investigated the reaction kinetics of ammonia decomposition 
(see equation 3-43) over platinised alumina using pulse and step experiments in a 
temperature range of 26 °C to 750 °C. 
catalyst 1 O 3 - 4 3 
NH, o 2 
The experimental apparatus incorporates a modified three-port valve for the 
perturbation injections. A schematic of the experimental setup is presented in Figure 
3-24. The pulse experiments involve injecting a 10 % mole fraction of ammonia for 90 
s. Richardson et al. asserted that the conversion extracted from the pulse experiments 
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agreed with data reported in the hterature. However, they recognised difficulties with 
integrating the peaks at low temperature because of their gradual approach to the 
baseline. The step experiments entailed continuous ammonia injection for 30 min. A 
mass spectrometer measures the composition of the exit stream of the FRT apparatus for 
the step experiments. The authors asserted that there is excellent agreement in the 
conversion data determined from the FRT technique and the mass spectrometer. 
Specifically, they report an order of reaction of 0.7, which corroborated other published 
data. Drawing on the experimental results, Richardson et al. asserted the benefits of 
FRT for the measurement of reaction kinetics of heterogeneous catalytic reactions. 
These benefits included the lack of need for calibration, the simplicity of the apparatus, 
and the versatility of using FRT in conjunction with other techniques that monitor the 
composition of the exit stream. This is because coupling FRT with other techniques 
enables the determination of very precise molar balances (Richardson et al., 2004a). 
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The determination of catalyst activity is a critical parameter when examining the 
suitability of a catalyst. Richardson et al. postulated an experimental configuration to 
compare the catalyst activity of two catalyst samples using FRT with temperature 
programmed response (TPR). The experimental setup consisted of a standard FRT 
apparatus, furnace, and mass spectrometer. The experiments involved comparing the 
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ammonia decomposition over Ni/alumina and Pt/alumina. The main aspects of the 
experimental procedure were baking the catalysts inside the reactors over night at 700 
°C, cooling the reactors to 150 °C, perturbing the reactors with 10 % ammonia in argon 
until there is a steady baseline, and then ramping the temperature to 800 °C at a rate of 
10 °C/min. One of the most significant reported results was the determination of the 
light-off temperatures for Ni/alumina and Pt/alumina, which were 659 K and 834 K 
respectively. These results were comparable with the mass spectrometer data. 
In 2006, Hellgardt et al. developed a finite element model (2D axis-symmetric) of 
ammonia decomposition in a catalytic reformer containing a nickel based wall reactor. 
The model uses the convection-diffusion equation, and considers the fluid mechanics 
and the physico-chemical properties of the compounds. In order to validate the finite 
element model, experiments were carried out. The experiments involved ammonia 
decomposition in a pure nickel tube in a high temperature furnace using the 
experimental setup shown in Figure 3-24. The finite element model was calibrated using 
the experimental data. When comparing the derived model parameters such as 
activation energy, turnover frequency, and order of reaction, they found that their results 
were consistent with the literature (Hellgardt et al., 2006). 
3,5.4. Gas Mixing Volumes 
Several publications have investigated the viscosity-composition gradients of ideal gas 
mixtures using FRT. However, many gases cannot be described by ideal gas behaviour. 
Taking the non-ideal behaviour of gas mixtures into consideration, Riesco et al. 
postulated a theory and experimental method to determine non-ideal gas mixing 
volumes at low temperatures by reporting results for the volume measurements of 
C Q +CCIF2 mixtures a 273.15 iCand 1.11 bar. The theory starts with an equation to 
describe the pressure drop across an element length of a capillary for laminar flow and 
they propose expressions for the partial molar volume, and the logarithmic viscosity 
gradient as shown by equations 3-44 and 3-45, respectively. 
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The modified experimental method was based on the perturbation viscometer with 
improved temperature control. Figure 3-25 presents a schematic of the experimental 
configuration. Similar to earlier studies (Mason et al., 1998, Russell et al., 2003), the 
researchers explained that the delay lines {DL-l and DL-2) and flow sensing and flow 
setting capillaries are located in aluminium block, which is cooled by a Peltier module. 
The Peltier module was linked to a PID controller to maintain the temperature of the 
aluminium block within ± 0.02 K. Another modification was moving the delay line {DL-
3) into the aluminium block to correct for the actual molar flow during the flow plateau 
(Riesco et al., 2007). 
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Figure 3-25: Schematic of the experimental configuration used for the measurement of gas 
mixing volumes 
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3.6. Critical Analysis of the F R T Method 
The Uterature review has demonstrated that Flux Response Technology is an emerging 
in situ perturbation method that has been used to characterise the properties of several 
gaseous processes such as the reaction kinetics of methanol decomposition and the 
viscosities of gas mixtures. The key objective of this project is to modify the FRT 
method for the measurement of gas adsorption and membrane processes. Therefore, it is 
important to evaluate the limitations and the potential sources of errors of the FRT 
method at the outset. 
3.6.1. General Limitations of Flux Response Technology 
One of the most significant limitations of the FRT method is the inability to carry out 
measurements on liquid systems because of difficulty in maintaining the pneumatic 
Wheatstone bridge assembly. For liquid systems, a perturbation of liquid would cause a 
slow response from the differential pressure transducer, which would lead to inadequate 
separation of the pressure effects on the flux response profile. Developing the FRT 
method for the measurement of liquid systems would require significant modifications 
to the FRT experimental configuration. Some of these modifications would include 
redesigning the Wheatstone bridge assembly to enable fast response times and careful 
selection of the specification of mass flow controllers and back pressure regulators. 
The development of previous FRT experimental methodologies involved designing, 
constructing, and commissioning numerous prototype systems. Each prototype system 
was custom-made for an individual application such as the perturbation viscometer was 
developed to measure the viscosities of gas mixtures. The design and construction of 
prototype systems have been highly important to expanding the capabilities and 
applications of the FRT method. However, dissemination of the technology to other 
research groups in academic and industrial organisations may be challenging because 
there has been a lack of formalised documentation related to the design, build, and 
commission of a FRT apparatus and the standard operating procedures for different 
applications. Another factor affecting the dissemination of the FRT method is the use of 
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manual components such as mass flow controllers and back pressure regulators in the 
FRT apparatus. The use of mass components hinders the dissemination of the FRT 
method because the apparatus is not fully automated. The lack of automation can 
significantly restrict the end user especially when fast screening experiments are 
required. 
3.6.2. Potential Sources of Errors in the FRT Method 
The sources of errors in the FRT method can be divided into experimental errors and 
analytical errors. Experimental errors can be caused by malfunctioning of the internal 
components of the FRT apparatus, but most likely, human error related to the operation 
of the FRT apparatus. For example, calibration of the FRT apparatus involves 
measurement of the volumetric flowrate on the system and reference sides of the 
Wheatstone bridge assembly using a bubble flow meter. Although a bubble flow meter 
is a simple and accurate method for measurement of volumetric flowrates, human errors 
can occur. Therefore, in order to minimise the effect of inaccurate measurement of 
volumetric flowrates, measurements were repeated several times. A major source of 
experimental errors is thermal noise effects, which can adversely affect the stability of 
the baseline signal of FRT apparatus. Thermal noise effects are often caused by small 
temperature fluctuations in the laboratory such as the opening and closing of a window. 
Reduction of thermal noise effects can be achieved by insulating the FRT apparatus. 
Insulation of the FRT apparatus is particularly important when there is a significant 
difference in temperature between the differential pressure transducer (room 
temperature) and the reactor (e.g. liquid nitrogen temperature). Alternatively, thermal 
noise effects can be significantly minimised by incorporating a temperature control unit 
into the FRT apparatus. For example, the modified perturbation viscometer depicted in 
Figure 3-21 uses a counter current heat exchanger to preheat the operating temperature 
of the capillaries. 
Mathematical interpretation of the flux response profile can lead to introduction of 
analytical errors into experimental results. In order extract data from a typical flux 
response profile, the area underneath a given peak needs to be calculated by integration 
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using curve fitting software. Note that the areas underneath the peaks can be directly 
related to the number of moles; hence, different transport phenomena can be 
determined. Integration of the sharp features on the flux response profile can be affected 
by the choice of the upper and lower integration limits and the stability of the signal. 
The choice of the upper and lower integration limits is particularly important when a 
peak asymptotically approaches the baseline signal of the system. 
3.7. Summary 
This chapter detailed the fundamentals, the theoretical principles, and the material of 
construction of the FRT method. Furthermore, the literature review traced the evolution 
of the FRT method from earlier studies on sorption-effect chromatography to recent 
studies on the measurement of gas mixing volumes. In summary. Flux Response 
Technology is a powerful in situ method that can be virtually adapted to any gaseous 
process involving a change in pressure. The FRT method offers numerous advantages 
such as the ability to make in situ measurements, the capacity to act as dual flowrate and 
composition detector due to the use of delay lines that extend the path length of the 
concentration front, excellent sensitivity due to the pneumatic Wheatstone bridge 
configuration consisting of flow setting and flow sensing capillaries, lack of calibration 
due to use of differential measurements between the system and reference lines, fast 
experimental times, and inexpensive capital cost. 
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Chapter 4: Dynamics of 
Nitrogen Sorption on 
Aluminium Oxides for the 
Determination of Surface 
Area at 77 K 
Fine particulate materials often form the fundamental basis of countless industrial 
processes and everyday consumer products. Understanding these materials heavily 
relies on the use of characterisation techniques to measure surface properties such as 
particle size, pore size distribution, and surface area. In order to investigate the surface 
area and pore structure of a sample material, experimentalists typically construct an 
adsorption (or desorption) isotherm, which is a measure of the molar quantity of gas 
adsorbed (or desorbed) for a given gas pressure at constant temperature. Nitrogen 
adsorption at 77 K using the static volumetric method (e.g. Micromeritics ASAP 
2020™) is the most extensively used technique for surface area determination of porous 
materials. The method works by incrementally dosing the sample, which changes the 
partial pressure and nitrogen adsorption and desorption is measured at a constant 
temperature. One significant drawback of the static volumetric method is the inaccuracy 
in measuring low surface area materials below 2 m^g' (Rouquerol et al, 1994). 
Dynamic methods have been developed for the determination of surface area and pore 
size distribution, which can measure surface areas as low as 0.5 m^g' using a thermal 
conductivity detector (Gonzalez-Gonzalez et al., 2009). Dynamic methods use a 
continuous approach to measuring adsorption isotherms, which involve the slow 
introduction of adsorption gas to produce a continuous equilibrium isotherm (Sing, 
2001a). 
In Chapter 4, in situ measurement of nitrogen adsorption isotherms on three samples of 
aluminium oxides with varying surface areas (i.e. high, intermediate, and low surface 
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area) at 77 K are investigated by modifying the FRT apparatus. One fundamental 
advantage of FRT for the measurement of surface area is that there are no theoretical or 
practical limitations on the mass of an adsorbent in the reactor; therefore, FRT can be 
used to investigate very low surface area materials. 
This chapter is divided into three sections. In the first section, the theory and 
experimental setup of FRT for the measurement of nitrogen adsorption isotherms at 77 
K are discussed. In the second section, the materials and methods are outlined. In the 
final section, the results and discussion are examined. This section includes a discussion 
on the surface area determination of adsorbent materials using the single cycle and 
average cycle analyses and an examination of the experimental results for the 
comparative measurement of nitrogen adsorption isotherms on aluminium oxides using 
Micromeritics ASAP 2020™. 
4.1. Flux Response Technology for the Measurement of Nitrogen 
Adsorption Isotherms at 77 K 
Flux Response Technology can be used to measure nitrogen adsorption isotherms at 77 
K. The experimental configuration involves the integration of a liquid nitrogen dewar 
and quartz reactors into the Wheatstone bridge assembly. These quartz reactors are 
termed the system and reference reactors because they contain a test sample and an inert 
sample, respectively. A schematic of the experimental configuration is illustrated in 
Figure 4-1. 
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In reference to Figure 4-1, the system reactor is attached to the system side of the 
Wheatstone bridge assembly and the reference reactor is attached to the reference side 
of the Wheatstone bridge assembly. During experimentation, the reactors are submerged 
into a liquid nitrogen dewar. By integrating the reactors into the experimental apparatus, 
in situ measurement of nitrogen adsorption at 77 K on the surface of an adsorbent can 
be carried out. The salient features of the experimental configuration include: 
i. Intertwined gas lines: The gas lines cormecting the system and reference 
reactors to the FRT apparatus are tightly intertwined to minimise the local 
temperature difference of the reactors. In addition, they facilitate rapid cool 
down and temperature equilibration between the system and reference lines. The 
intertwined gas lines are stainless steel tubing (diameter = 1/16 in and length = 
0.3 m), which are attached to the reactors and the FRT apparatus using Swagelok 
fittings. In order to separate the composition effects, the FRT apparatus contains 
pre-existing delay lines of nylon tubing of diameter 1/4 in and length of 
approximately 10 m. By carrying out preliminary experiments, it was 
determined that the total length of the intertwined gas lines and the delay lines 
were sufficient to separate the composition effects. 
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ii. System and reference reactors: The system and reference reactors are 
constructed from quartz tubes that have an internal diameter of 4 mm and 
external diameter of 6 mm. The length of the quartz reactors is 0.6 m. The 
system reactor contains the sample material and the reference reactor contains an 
inert material of a similar size fraction, which is typically crushed quartz. The 
material inside both reactors is secured with quartz wool. When constructing the 
reactors, it is paramount that the masses of sample and inert material are 
approximately equal to balance the volumes in the system and reference sides of 
the Wheatstone bridge assembly. 
iii. Liquid nitrogen dewar: Liquid nitrogen is decanted into the liquid nitrogen 
dewar of height 50 cm and 30 cm diameter. During experimentation, the reactors 
and the intertwined gas lines were submerged into the liquid nitrogen dewar. In 
order to maintain the reactors at the cryogenic temperature, it is important to 
minimise the evaporation of liquid nitrogen by insulating the top section of the 
dewar. The insulating materials include bubble wrap packaging, expanded 
polystyrene, and a flat sheet of Viton® synthetic rubber. These packing 
materials were used to stabilise the temperature gradient between the cryogenic 
and atmospheric temperatures and minimise evaporation losses which otherwise 
could cause a drift in the baseline of the system due to the lowering of the liquid 
nitrogen gas interface. 
In order to demonstrate FRT for the measurement of nitrogen adsorption isotherms, 
consider a typical step experiment for an adsorbent material, where helium and nitrogen 
are used as the carrier and perturbation gases respectively. A schematic of the expected 
flux response profile is presented in Figure 4-2. 
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Figure 4-2: A schematic of expected flux response profile for nitrogen adsorption at 77 K 
When analysing Figure 4-2, PQ indicates the baseline signal of system caused by the 
constant flow of helium through the apparatus. A baseline signal is achieved once the 
reactors have been submerged into the liquid nitrogen dewar and there is a constant 
temperature gradient between the cryogenic liquid temperature and the atmospheric 
temperature. When a nitrogen perturbation is injected into the system side of the 
Wheatstone bridge assembly using the perturbation switching valve, the pressure 
immediately increases to Px in the apparatus and this causes a near instantaneous 
response from the differential pressure transducer (DPT). When the composition front 
reaches the surface of the adsorbent, nitrogen adsorption occurs on the surface of the 
adsorbent, which is termed the adsorption peak. Following this, the composition front 
travels through the downstream sensing capillaries causing the measurement of the 
viscosity effect { P j ) due to the perturbation of nitrogen into the carrier gas of helium. 
The viscosity effect is governed by equation 3-4 in Chapter 3, which describes the 
laminar flow of a fluid through a single sensing capillary. The removal of the nitrogen 
perturbation immediately changes the pressure in the apparatus to p 3 . Consequently, 
helium carrier gas sweeps over the surface of the adsorbent causing desorption of the 
adsorbed nitrogen molecules, which is termed the desorption peak. Afterwards another 
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viscosity effect is observed due to the removal of the perturbation of nitrogen and the 
pressure returns to p Q , which is the original baseline of the system. 
By carrying out step experiments at different mole fractions of nitrogen in helium 
(different nitrogen flow rates into a constant helium flow), sorption data can be 
extracted from the flux response profile to construct an adsorption isotherm. Firstly, it is 
necessary to determine the areas underneath the adsorption and desorption peaks by 
integration using curve-fitting software (e.g. Curve Expert 1.3). The determination of 
the sorption areas involves the use of tension splines to fit the shape of the peaks. 
Appendix B explains the mathematical concept of tension splines. 
In order to determine the number of moles of the adsorption and desorption peaks, a 
calibration curve must be constructed. A calibration curve is a graph showing the 
change in signal response of the DPT against perturbations of nitrogen at different 
volumetric fiowrates, which are measured with a bubble soap meter. When carrying out 
a calibration experiment, it is important to measure flowrate of the perturbation of 
nitrogen within the same time interval as duration of the sorption peaks on the flux 
response profile. Consequently, the number of moles of the sorption peaks can be 
calculated using equation 4-1. 
A, 
In equation 4-1, NQ is the moles produced by a known perturbation (the volumetric 
flowrate is measured using a bubble soap meter), is the area produced by the 
known perturbation, is the number of moles of the sorption peak, is the area of 
the sorption peak. Conversion of the number of moles of the adsorption peak into a 
volume per mass of samples basis allows the determination of an adsorption isotherm. 
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4.2. Materials and Methods 
4.2.1. Materials 
The study investigates three samples of aluminium oxides with varying surface area 
supplied by Alfa Aesar. The material specification of the samples is given in Table 4-1. 
Table 4-1: Material specification of aluminium oxides taken from Alfa Aesar 
Material 
Product 
code 
Nominal Surface 
area 
Total pore volume 
Form 
Aluminium oxide, gamma 
phase, catalyst support, 
high surface area, bimodal 
Aluminium oxide, 
catalyst support, 
intermediate surface area 
Aluminium oxide, 
catalyst support, 
low surface area 
43862 
4 3 8 5 7 
43832 
2 5 5 
100 
0 . 2 5 
1 . 1 4 
0 . 4 9 
0.26 
1/8" 
Pellets 
1/8" 
Pellets 
1/8" 
Pellets 
The samples of the aluminium oxides were 1/8 pellets that were crushed using a pestle 
and mortar and then sieved to a size fraction of 425 - 850 JLtri. In order to prepare and 
regenerate the adsorbents, the samples were heated to 300 °C for 30 min. The 
aluminium oxide with high surface area was tested twice using the FRT technique to 
examine the repeatability of the FRT method. The samples are referred to as A-Hl and 
A-H2, and their masses for the FRT experiments were 0.00980 g and 0.01583 g. The 
aluminium oxides with intermediate and low surface areas are referred to as A-I and A-
L, respectively. The mass of adsorbents for the FRT experiments were 0.0450 g and 
0.7830 g, respectively. 
4.2.2. Gases 
Helium (99.997 % purity) is supplied by BOC Gases and nitrogen (99.999 % purity) is 
supplied by a nitrogen generator. The nitrogen supply line is fitted with a moisture-
indicating trap for the FRT experiments. 
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4.2.3. Flux Response Technology 
System 1 is used for the determination of nitrogen adsorption at 77 K. The specification 
of system 1 is detailed in section 3.4.2 in Chapter 2. System 1 employs separate brass 
blocks to house the flow setting and flow sensing capillaries and the DPT is located 
downstream of the system and reference reactors. 
4.2.4. Static Volumetric Method 
The nitrogen adsorption isotherms were determined using a Micromeritics Tristar 3000 
surface analyser. The average masses of the aluminium oxide with high surface {A-H), 
intermediate surface area (A-I), and low surface area (A-L) were 0.1013 g, 0.1201 g, and 
0.5012 g, respectively. The samples were outgassed overnight at 120 °C prior to the 
adsorption experiments. 
4.3. Results and Discussion 
4.3.1. Dynamic Measurement of Nitrogen Adsorption on Aluminium Oxides 
at 77 K using FRT 
4.3.1.1. Preliminary Experiments 
The investigative approach involves the use of dynamic experiments. Dynamic 
experiments entail a series of step perturbations for a given number of sorption cycles. 
Preliminary experiments were carried out to establish the experimental parameters of 
the study such as the sorption times, the number of sorption cycles, and the nitrogen 
partial pressures. In general, when carrying out a FRT experiment, there must be an 
unambiguous separation of pressure and composition effects. Therefore, the sorption 
times for each sorption cycle consists of the addition of nitrogen for 8 min to measure 
adsorption and the removal of nitrogen for 12 min to measure desorption. Each 
experiment consists of four sorption cycles. Consequently, the total experimental time 
to measure each nitrogen partial pressure is 80 min. In order to construct a nitrogen 
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adsorption isotherm for surface area determination, dynamic experiments are carried out 
at four nitrogen partial pressures, which do not exceed 0.35. When the nitrogen partial 
pressure is above 0.35, the adsorption isotherm tends to enter a different (non-linear) 
regime that cannot be used for surface area determination (Sing et al, 1985). In order to 
investigate the repeatability of the FRT technique, experiments were replicated twice for 
aluminium oxide with high surface area using different masses. 
4.3.1.2. Flux Response Profiles 
Figure 4-3 presents an example of a flux response profile for the aluminium oxide with 
high surface area. The first part shows an expanded view of the first sorption cycle and 
highlights the adsorption peak. The second part presents the entire FRT experiment by 
showing the four sorption cycles. When analysing Figure 4-3, it can be observed that 
there is a strong correlation between the experimental flux response profile and the 
expected flux response profile (see Figure 4-2), which was described earlier. The key 
effects are the nitrogen adsorption peak; the viscosity effect caused by the nitrogen 
perturbation into helium carrier gas; nitrogen desorption peak; and the viscosity effect 
caused the composition of the gas changing from a nitrogen/helium mixture to a helium 
carrier gas. As expected, the aluminium oxide with low surface area exhibited the 
smallest sorption peaks (see Figure 4-4). However, it is important to clarify that the 
visual comparison between the sizes of the sorption peaks should be interpreted with 
caution because the sizes of the peaks are solely dependent on the mass of the adsorbent 
in the system reactor. 
Examination of the flux response profiles reveals that nitrogen perturbations can cause 
sharp spikes in the FRT signal. These spikes depend on the settings of the pressure 
regulators in the FRT apparatus. For instance, a nitrogen perturbation can cause a spike 
below the baseline, which is attributed to under-pressurisation of the back pressure 
regulator (BPR) for the perturbation gas. In contrast, a nitrogen perturbation can cause a 
spike above the step change signal, which is attributed to over-pressurisation of the 
BPR. The varying spikes of the nitrogen perturbations have minimal effect on the 
accuracy of the sorption peaks; however, attention has been given to minimise such 
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effects. It is worth noting that several attempts have been made to minimise the pressure 
fluctuations in the FRT apparatus such as connecting all the BPRs together to achieve 
the same atmospheric pressure. These experimental features have been discussed in 
Chapter 2. 
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Figure 4-3: Flux response profile for aluminium oxide with high surface area (A-Hl) at nitrogen 
mole fraction of 0.1938 (a) the first sorption cycle showing an expanded view of the adsorption peak 
(b) the complete experiment showing four sorption cycles 
A number of features were incorporated into the experimental setup to reduce the 
effects of thermal noise such as insulating the liquid nitrogen dewar, intertwining the 
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gas lines to the reactors, and immersing the reactors deeply into dewar. However, some 
of the experiments suffered from the effects of thermal noise caused by temperature 
fluctuations between the atmospheric (295 K) and liquid nitrogen (77 K) temperatures. 
An example of a flux response profile exhibiting thermal noise effects is given in Figure 
4-4. This experiment involved nitrogen adsorption on aluminium oxide with low surface 
area at mole fraction of nitrogen in helium of 0.1279. Analysis of Figure 4-4 reveals the 
thermal noise effects become more dominant towards the end of the experiment. The 
progressive noise effects can be attributed to evaporation of liquid nitrogen, which 
changes the temperature gradient between the liquid nitrogen and the atmosphere and 
adversely affects the FRT signal. However, only a minority of experiments experienced 
thermal noise effects. Appendix C presents all the flux response profile used in the 
study. 
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Figure 4-4: Flux response profile for aluminium oxide with low surface area (A-L) at nitrogen mole 
fraction of 0.0652 showing four sorption cycles and an expanded view of the first sorption cycle 
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4.3.1.3. Dynamic Sorption Profiles 
The use of the cyclic experiments can provide information about the sorption 
phenomena of gases on the surface of an adsorbent. The sorption phenomena can be 
directly quantified from the flux response profile by calculating the area of the sorption 
peak because it represents the number of moles caused by the adsorption/desorption of 
adsorptive gas. When the number of moles is converted into a volume per mass of 
adsorbent basis, a dynamic sorption profile can be constructed. A dynamic sorption 
profile represents the effect of the quantities of nitrogen adsorbed and desorbed against 
the number of sorption cycles. Analysis of dynamic sorption profiles can reveal 
information about the sorption behaviour during each cycle and the approach to 
dynamic equilibrium. 
The first set of analyses examines the dynamic sorption profile for a given partial 
pressure. Figure 4-5 and Figure 4-6 present examples of sorption profiles for A-Hl and 
A-L for mole fractions of nitrogen in helium of 0.1025 and 0.0415 respectively. The 
dynamic sorption profiles given below are representative of the experimental data. One 
of the most revealing observations is the higher quantities of nitrogen adsorbed and 
desorbed in the first sorption cycle. This observation is consistent across all the samples. 
The second observation is the quantities of nitrogen adsorbed and desorbed remains 
relatively consistent across the number of cycles. The third observation is that the 
system tends towards steady state equilibrium as the number of cycles increases, which 
is indicated by the convergence of the adsorption and desorption curves. This is further 
confirmed by analysing the difference between the amount of adsorption and the 
amount of desorption as presented in the graph. The difference curves are relatively 
constant after the first cycle, which emphasise that the system is approaching steady 
state equilibrium. 
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Figure 4-6: Dynamic sorption profile for A-I at 
nitrogen mole fraction of 0.0415 showing the 
quantities of nitrogen adsorption and nitrogen 
desorption for four sorption cycles 
The second set of analyses examines the overall dynamic sorption profiles, which shows 
the effect of mole fraction of nitrogen in helium. Figure 4-7 and Figure 4-8 show the 
overall adsorption and overall desorption profiles for aluminium oxide with 
intermediate surface area. As expected, analysis of these dynamic sorption profiles 
reveals the amount of nitrogen sorption increases with nitrogen partial pressure. The 
overall sorption profiles also confirm that the system gradually approaches steady state 
with increasing number of sorption cycles. 
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4.3.1.4. Dynamics of Nitrogen Sorption on Aluminium Oxides 
The third set of analyses determines a ratio of the quantity of nitrogen adsorbed to the 
quantity of nitrogen desorbed for each cycle. A ratio analysis provides an insight into 
the steady state behaviour of the system and the relative rate of the quantity of nitrogen 
adsorbed to the quantity of nitrogen desorbed. The key principles and assumptions of 
the ratio analysis are defined in section 5.3.6 in Chapter 5. 
By way of illustration, Figure 4-9 presents the ratio analysis for A-1 at different mole 
fractions of nitrogen in helium. When analysing Figure 4-9, the first observation is that 
the ratio of the quantity of nitrogen adsorbed to the quantity of nitrogen desorbed is 
higher for the first cycle. For the subsequent cycles, the second observation is that the 
ratios of adsorption to desorption are approximately equal for all the mole fractions of 
nitrogen in helium. It is interesting to examine the average ratio and relative standard 
derivation of the ratios after cycle 1. For instance, the average ratio of adsorption to 
desorption is 1.267 and the relative standard deviation of the ratios is only 2.1 %. The 
ratio analysis suggests the amount of adsorption to desorption achieves a steady state 
after cycle 1. In addition, there is very small variation in the ratio of adsoiption to 
desorption at the different mole fractions of nitrogen in helium nitrogen partial 
pressures. 
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Figure 4-9: A ratio analysis of adsorption to desorption for A-I at different mole fractions of 
nitrogen in helium for four sorption cycles 
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In order to summarise the ratio analysis for all the samples used in the study, Table 4-2 
presents a summary of the ratio analysis for aluminium oxides with high, intermediate, 
and low surface area for cycles 2 to 4. The results for Cycle 1 were excluded from the 
calculation because all the samples exhibited a noticeably higher ratio for the quantity 
of nitrogen adsorbed to the quantity of nitrogen desorbed. Note that the original data 
used to determine the ratio is presented in Table 1 in Appendix C. 
Table 4-2: Results of the ratio analysis for aluminium oxides using sorption data from cycles 2 to 4 
Relative standard 
Sample 
Average ratio of the 
quantity of adsorption to 
the quantity of desorption 
for cycles 2-4 
Standard deviation of 
the ratio of the quantity 
of adsorption to the 
quantity of desorption 
for cycles 2-4 
deviation of the ratio of 
the quantity of 
adsorption to the 
quantity of desorption 
for cycles 2-4 (%) 
A-Hl 
A-H2 
A-I 
A-L 
1.349 
1.217 
1.267 
1.267 
0.119 
0.113 
0.026 
0.093 
8.5 
9.3 
2.1 
7.3 
4.3.2. Nitrogen Adsorption Isotherms (up to 0.35 nitrogen partial pressure) 
Analysis of the dynamic sorption profiles has unveiled the difference in the quantities of 
nitrogen adsorbed and desorbed for the first cycle and the subsequent cycles. It is 
important to incorporate these findings into the determination of the nitrogen adsorption 
isotherms and surface area of the adsorbents. Therefore, two methods are used to 
analyse the experimental data from herein namely the single cycle and average cycle 
analyses. The single-cycle method determines the nitrogen adsorption isotherm and the 
surface area based on the sorption data from the first cycle. While the average cycle 
method determines the nitrogen adsorption isotherm and surface area based on an 
average of the sorption data between cycles 2 to 4 inclusive. 
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4.3.2.1. Aluminium Oxide with High Surface Area 
In reference to the FRT method, nitrogen adsorption experiments at 77 K were caiTied 
out on two samples of A-H, which have different masses. These experiments were 
carried out to investigate the reproducibility of the nitrogen adsorption isotherms. The 
use of different masses to investigate reproducibility of experimental data is in 
accordance with the lUPAC recommendations for reporting physisorption data for 
gas/solid system (Sing et al., 1985). 
Using the single cycle analysis, Figure 4-10 compares the nitrogen adsorption isotherms 
at 77 K for aluminium oxide with high surface area using the FRT and the static 
volumetric method. One surprising observation is the difference in the single cycle 
nitrogen adsorption isotherms for A-Hl and A-H2 measured using FRT. The graph 
shows that the nitrogen adsorption isotherm for A-Hl is relatively higher than A-H2. In 
addition, the gradient of A-Hl is also steeper. 
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Figure 4-10: Nitrogen adsorption isotherms A-H using single-cycle analysis showing the nitrogen 
adsorption isotherms for A-Hl (grey diamond), A-H2 (red square), and the static volumetric 
method (blue triangle) 
Using the average cycle analysis, Figure 4-11 presents the nitrogen adsorption 
isotherms for A-H measured using the FRT and static volumetric methods. The graph 
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shows that the average adsorption isotherms measured using the FRT method are lower 
than the static volumetric isotherm. As previously demonstrated, the nitrogen uptake 
and release is relatively constant for the average cycle analysis. Therefore, the lower 
nitrogen adsorption isotherms for the FRT technique would be expected. 
70 1 
60 
C/D 
50 
40 -
3 30 4 
o 
<n 
-o 
03 
c 
ro 
3 o 
2 0 -
10 -
0 
= 0.9988 
= 0.8664 
• FRT sample 1 
• FRT sample 2 
• BET method 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 
Nitrogen mole fraction {p/p°) 
0.35 0.40 
Figure 4-11: Nitrogen adsorption isotherms for using average cycle analyses showing the 
nitrogen adsorption isotherms for A-Hl (grey diamond), A-H2 (red square), and the static 
volumetric method (blue triangle) 
The single cycle and average cycle analyses show differences between the nitrogen 
adsorption isotherms for A-Hl and A-H2 measured using FRT. The differences between 
the nitrogen adsorptions measured using FRT may be explained by several factors. 
Firstly, there is a significant difference between the masses of the adsorbents, which 
may be affecting the nitrogen adsorption isotherms. For A-Hl and A-H2, the masses 
were 0.00980 g and 0.01583 g, respectively. Therefore, the nitrogen diffusion through 
the packed bed may be slower through A-H2. Secondly, the assembly of the reactors 
may be affecting the results. This is because the reactors are small quartz tubes with an 
internal diameter of 4 mm. Therefore, the packing of the adsorbent inside the reactors 
may be also affecting the nitrogen diffusion through the packed bed because the A-H2 
sample was more tightly packed inside the reactor. Finally, there is a shortage of data 
points especially for A-Hl, which may be adversely affecting the interpretation of the 
experimental results. The shortage of the data points can be partially attributed to the 
practical limitations of the manual mass flow controllers because the mole fraction of 
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nitrogen in helium was controlled by changing the flowrate of nitrogen in a constant 
flow of helium. In order to maintain the function of the Wheatstone bridge assembly, 
the maximum flowrate of the mass flow controller used for the perturbation gas 
(nitrogen) is 5 ml.min'. In practise, only a maximum of five different flowrates can be 
accurately measured for the perturbation gas using a bubble flow meter. Consequently, 
the limitation of the manual mass flow controller restricts the number of data points that 
can be measured below nitrogen partial pressure of 0.35. The limited number of data 
points is affecting the linear regression of the adsorption isotherms. For the FRT 
technique, the coefficients for A-Hl and A-H2 are 0.8834 and 0.8607 for the single 
cycle analysis, and 0.8667 and 0.8664 for the average cycle analysis respectively. In 
contrast, the coefficient is 0.9988 for the static volumetric method. 
4.3.2.2. Aluminium Oxide with Intermediate (A-I) and Low (A-L) 
Surface Areas 
Figure 4-12 compares the nitrogen adsorption isotherms at 77 AT for ^4-/measured using 
the FRT and static volumetric methods. For the FRT method, the graph also shows the 
nitrogen adsorption isotherms based on the single cycle and average cycle analyses. It 
can be observed that the nitrogen adsorption isotherm based on the single point analysis 
is positioned higher than the isotherm measured using the static volumetric method on 
the graph. However, the nitrogen adsorption isotherm based on the average cycle 
analysis is positioned lower on the graph. Although there are a limited number of data 
points for the FRT method, it is encouraging to examine the linear regression of the 
data. The R^ coefficients for the single cycle and average cycle analyses are 0.9834 and 
0.9726, respectively. 
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Figure 4-12: Nitrogen adsorption isotherms for ^- / showing the nitrogen adsorption isotherms for 
the single/first cycle analysis (red diamond), the average cycle analysis (green triangle), and the 
static volumetric method (blue square) 
In reference to A-L, Figure 4-13 presents the nitrogen adsorption isotherms at 77 K. On 
the graph, the adsorption isotherms based on the single and average cycle analyses 
measured using FRT are positioned lower than the adsorption isotherm measured using 
the static volumetric method. However, as the nitrogen partial pressure increases, there 
seems to be a convergence between the data obtained using FRT and the static 
volumetric data. The FRT data shows reasonable linear regression, where the R^ 
coefficients for the single cycle and average cycle analyses are 0.8609 and 0.8917, 
respectively. 
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Figure 4-13: Nitrogen adsorption isotherms for A-L isotherms for the single/first cycle analysis (red 
diamond), the average cycle analysis (green triangle), and the static volumetric method (blue 
square) 
The lower position of the nitrogen adsorption isotherms measured using the FRT 
method may be explained by the competitive adsorption of nitrogen and helium into the 
narrow micropore structure of aluminium oxide with low surface area. When comparing 
the sizes of nitrogen and helium molecules, helium is significantly smaller and lighter. 
Therefore, helium can quickly diffuse into the very narrow micropores of A-L, which 
prevents nitrogen diffusion into these pores. Consequently, at lower nitrogen partial 
pressures, the dynamic system measures less nitrogen adsorption on A-L for the single 
cycle analysis. This effect also explains the convergence between the FRT and static 
volumetric results with increasing nitrogen partial pressure. This is because the 
increased nitrogen partial pressure facilitates the diffusion of nitrogen into the pore 
structure. When considering FRT, the experimental results imply that the competitive 
adsorption effects between nitrogen and helium are more prevalent for low surface area 
adsorbents. 
4.3.2.3. General Comments 
The experimental study results show that the type of measurement technique can 
influence the nitrogen adsorption isotherm. In general, the nitrogen adsorption 
isotherms measured using the FRT method were positioned lower than the adsorption 
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isotherm measured using the static volumetric method. Other researchers have 
investigated the difference between static and dynamic techniques for the measurements 
of nitrogen adsorption isotherms at 77 K. One such study reports on the measurement of 
nitrogen adsorption on carbonaceous materials at 77 K, where they employed the static 
volumetric method and the commercial dynamic technique, which uses a thermal 
conductivity detector (Gonzalez-Gonzalez et al., 2009). The commercial dynamic 
method used in the study is commonly known as the carrier gas method, which has been 
previously discussed in section 2.1.2.6 in Chapter 2. One of the conclusions to emerge 
from the study is that adsorption isotherms for adsorbents with narrow micropore 
structures are positioned lower for the dynamic method in comparison to the static 
method. 
4.3.3. Nitrogen Adsorption Isotherms across the full composition range 
using the Static Volumetric Method 
The static volumetric method is used as a comparative method to investigate the 
nitrogen adsorption isotherms at 77 K for aluminium oxides with varying surface area. 
The nitrogen adsorption isotherms across the full composition range and the pore size 
distributions are given in Appendix D. When drawing on the classification of 
physisorption isotherms presented in Appendix A, it can be seen that the nitrogen 
adsorption isotherms for the aluminium oxides can be classified as Type IV isotherms. 
In the lower region of nitrogen partial pressures of 0.2 to 0.5, the adsorption isotherms 
exhibit an almost linear region, which can be attributed to unrestricted monolayer-
multilayer adsorption. In the high region of nitrogen partial pressures of 0.5 to 1.0, the 
ad-Zdesorption isotherms show a hysteresis loop. Typically, the hysteresis loop is 
indicative of capillary condensation in the mesopores and the limited uptake of the 
adsorptive gas. When analysing the shape of the hysteresis loop, it can be observed that 
the steepness of the desorption branch decreases with decreasing surface area of the 
sample (Sing et al, 1985). When analysing the nitrogen adsorption isotherm for A-L, it 
shows the emergence of another hysteresis loop in the lower region. This hysteresis is 
usually referred to a low pressure hysteresis, which is associated with materials that 
contain a high degree of micropores. 
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4.3.4. Surface Area Determination using BET and Langmuir Isotherm 
Models 
For gas adsorption techniques, the fitting of the BET and Langmuir isotherms models to 
nitrogen adsorption isotherm data between nitrogen partial pressures of 0.05 to 0.35 are 
the most widely deployed methods to estimate the surface area of porous materials. The 
BET model assumes multilayer adsorption, where the adsorptive gas forms successive 
layers on the surface of the adsorbent. The Langmuir model assumes the formation of 
single adsorption layer on the surface of the adsorbent. The theories of both of these 
models are discussed in section 2.2.1 in Chapter 2. 
4.3.4.1. FRT Surface Areas 
Figures 4-14, 4-15, and 4-16 present the BET and Langmuir models for the nitrogen 
adsorption isotherms at 77 K for single cycle and average cycle analyses using the FRT 
method. One of the main conclusions to emerge from the data is the higher conformance 
of the nitrogen adsorption isotherm to the BET model. The better conformance to the 
BET model can be attributed to the presence of multilayer adsorption on the surface of 
adsorbent at 77 K. In support of this observation, the results obtained from the static 
volumetric method show that the nitrogen adsorption isotherms for the aluminium 
oxides can be classified as a Type IV isotherm, which tend to be governed by the BET 
equation. Furthermore, the results obtained from Flux Response Technology show that 
there is a difference between the quantity of nitrogen adsorbed and the quantity of 
nitrogen desorbed for the first sorption cycle and the subsequent sorption cycles. 
Therefore, it may be inferred that that there is the presence of multilayer adsoiption on 
the surfaces of the aluminium oxides 
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Figure 4-14: B E T and Langmuir models for A-Hl using the average cycle analysis of F R T 
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Figure 4-15: B E T and Langmuir models for A-I using the average cycle analysis of F R T 
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By analysing the linear correlations of the isotherm models presented in Figures 4-14, 
4-15, and 4-16, it can be deduced that the BET isotherms, in general, show better linear 
correlations in comparison to the Langmuir isotherms. In particular, there is excellent 
linear correlation for the aluminium oxide with intermediate surface area because the 
coefficient is 0.973 for the BET isotherm using the average cycle analysis. However, 
other isotherms show slightly lower linear correlations. For instance, the lowest linear 
correlation is the Langmuir model for the aluminium oxide with high surface area 
because the coefficient is 0.740 for the Langmuir isotherm using the single cycle 
analysis. 
The BET and Langmuir surface areas of the aluminium oxides can be calculated from 
their respective models. To analyse the BET and Langmuir surface areas, the BET and 
Langmuir surface area were compared by a ratio analysis (Gomez-Serrano et al., 2001). 
The comparison of the Langmuir and BET surface areas is defined as the surface area 
ratio, which is given in equation 4-2. 
a = 
5, 4-2 
V 
^ BET 
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In equation 4-2, a is the surface area ratio, SL is the Langmuir surface area, and SBET is 
the BET surface area. The surface area ratio can be used to understand the degree of 
divergence between the Langmuir and BET surface areas. 
Table 4-3 presents the BET and Langmuir surface areas and the calculated surface area 
ratios for each sample. There are two key observations that can be made regarding these 
surface area determinations. Firstly, the single cycle surface areas are larger than the 
average surface areas. This effect would be expected because the nitrogen sorption is 
larger for the first sorption cycle. Secondly, the Langmuir surface areas are larger than 
the BET surface areas. 
Table 4-3: Flux response technology: Calculated BET (SBET) and Langmuir (SL) surface areas 
and surface area ratios (a) for all aluminium oxide samples 
Material 
Single 
S B E T 
(m^/g) 
Single 
SLanemuir 
(m%) 
Single 
*^ ~SLai,gmuir/ 
S B E T 
Average S B E T 
(m'/g) 
Average 
SLangmuir 
( m V g ) 
Average 
®^ ~SLangmuir/ 
S B E T 
A-Hl 2 8 4 ^ 4 600.58 2.11 180.77 313.88 1.74 
A-H2 169.11 348.12 2.06 9 5 3 6 165.64 1.74 
A-I 93.44 131.94 1.41 64.20 94.69 1.47 
A-L 0 2 3 9 0.341 1.43 0.203 0 2 8 8 1.42 
When analysing the surface area ratios, it can be observed that there is a high difference 
between the BET and Langmuir surface areas for the aluminium oxide with high surface 
area. The surface area ratios for the aluminium oxides with intermediate and low surface 
areas were very similar, where they show a smaller difference between the BET and 
Langmuir surface areas. 
One aspect of the experimental study was to access the repeatability of the FRT 
technique. The experimental results show that the measured surface area for A-Hl is 
higher than A-H2. Since the nitrogen adsorption isotherm is used to derive the surface 
area of the adsorbent, further experiments would need to be undertaken. Firstly, 
experiments consisting of the measurement of nitrogen adsorption on aluminium oxides 
at 77 K should be undertaken to investigate the repeatability of the FRT method using 
the same mass of sample. Secondly, these experiments should be repeated using fresh 
sample of same mass. Finally, experiments should be undertaken using a fresh sample 
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of different mass. Undertaking the further experiment, explained earlier, will allow a 
comprehensive evaluation of the repeatability of the FRT technique. 
4.3.4.2. Static Vo lumetr ic M e t h o d Surface Areas 
Table 4-4 presents the BET and Langmuir surface areas for the static volumetric 
method. It also highlights the coefficients. Similar to the FRT results, the results 
show a higher conformance to the BET model and the derived surface areas are lower 
than those of the Langmuir model. When analysing the surface area ratio, it can be 
deduced that A-H and A-I show the highest divergence between the Langmuir and BET 
surface areas. In general, the results from the static volumetric method show excellent 
linear regression because the R^ coefficients were approximately 0.99. 
Table 4-4: BET and Langmuir surface areas for static volumetric method 
Material SBET (mVg) S|,anpm.iir(niVg) a=SBET/Sl,anpm..ir 
A-H 192.85 265.65 1.38 
A-I 102.17 140.93 1.38 
A-L 0.395 0.548 1.39 
4.3.4.3. Compar i son of Surface Areas M e a s u r e d by Flux R e s p o n s e 
Techno logy and the Static Volumetr ic M e t h o d 
When comparing the FRT and the static volumetric methods for A-H and A-I, the FRT 
method reports slightly higher surface areas for the single cycle analysis and lower 
surface areas for the average cycle analysis. For A-L, the FRT method reports lower 
surface areas both for the single cycle and average cycle analyses. The experimental 
study shows that the determination of surface area of porous materials is heavily 
influenced by the measurement technique and the type of adsorption model. Some 
authors have criticised the use of the BET and Langmuir models for the estimation of 
surface area. One such study asserts that the BET model tends to overestimate the 
surface area of activated carbons with high surface area by 40 - 50 % (Kaneko et al., 
1992). 
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Table 4-5 shows a comparison between the BET surface area using single cycle analysis 
and the manufacturer's data. 
Table 4-5: Comparison between the BET single cycle surface areas and the manufacturer's data 
Single S b e t (m^g') S b e t Manufacturer surface area 
Material (FRT) (Static volumetric) (nominal) (m^g'') 
A-Hl 284.44 192.85 255 
A-H2 169.11 192.85 255 
A-I 93.44 102.17 100 
A-L 0.239 0.395 0.25 
Although further experiments need to be undertaken to investigate the reproducibility of 
the FRT data, it is encouraging to compare the BET surface areas of the FRT method to 
the data reported in the material specification, which is supplied by the manufacturer. In 
particular, when analysing Table 4-5, there is excellent correlation between the surfaces 
for A-I and A-L. When comparing the surface areas measured using the static volumetric 
method and manufacturer's data, there is less of an agreement between the surface areas 
compared to the FRT method using BET single cycle analysis. For instance, the static 
volumetric method overestimated the BET and Langmuir surface areas for A-L using 
approach 1. However, there is a strong agreement between the Langmuir surface area 
and the manufacturer's data for A-H. For A-I, there is excellent agreement between the 
BET surface area and the manufacturer's data. One criticism of the manufacturer's data 
is that the measurement technique and the analytical method are unreported. 
4.3.5. Genera l Discuss ion regarding F R T for the M e a s u r e m e n t of Ni trogen 
Adsorpt ion I sotherms at 77 K 
Returning to the question of whether FRT is viable characterisation technique for the 
measurement of nitrogen adsorption at 77 K for surface area determination, the 
discussion addresses a number of issues. These issues include a comparison between the 
key experimental methods, determination of low surface area materials, and the 
development of the FRT technique for surface area determination of porous materials. 
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4.3.5.1. C o m p a r i s o n be tween F R T , the Static Volumetr ic M e t h o d , and 
the C o m m e r c i a l D y n a m i c M e t h o d 
Commercial static volumetric methods detect equilibrium via the use of mathematical 
algorithms. For instance, a commercial static volumetric system specifies that 
equilibration is achieved when the pressure change per equilibration time interval is less 
than 0.01 % of the average pressure during the interval (Micromeritics TriStar 3000 
system). Consequently, static methods measure the total sorption on the surface of the 
adsorbent and the approach to equilibrium can take seconds, hours, or days; therefore, 
one disadvantage is predicting the overall experimental time. In contrast, dynamic 
methods, such as FRT, measure the quantity adsorbed continuously; hence these 
methods measure the dynamics of gas sorption on the surface of the adsorbent. One 
major advantage of the FRT technique is that minimal calibration is required, which 
involves measuring the flowrates of the gas lines using a bubble flow meter. Dynamic 
methods offer a more realistic reflection of the sorption behaviour of the surface of the 
adsorbent because measurements are carried out using multiple gases and at pressures 
closer to industrial operating conditions. Static volumetric techniques require precise 
calibration of the manifold volume and temperature, which directly affects the accuracy 
of the calculated quantity of the gas adsorbed or desorbed. 
The key investigative approach for the FRT experiments entailed measuring the 
nitrogen sorption at 77 K using four continuous adsorption cycles at a single nitrogen 
partial pressure. The adsorption cycles were carried out by making successive step 
perturbations and removals of nitrogen within a specified time. When comparing the 
FRT technique to the commercial dynamic method known as the carrier gas method 
(see section 2.1.2.6 in Chapter 2), there are a number of key differences. The dynamic 
method is based on a flowing gas method that uses a thermal conductivity detector to 
measure the sorption effects on the surface of an adsorbent. The two main modes of 
operation are single cycle and multiple point measurement of adsorption isotherms. The 
single and multiple points refer to the number of nitrogen partial pressures. Although 
the multiple point method uses multiple adsorption cycles, these adsoiption cycles are 
often carried out discontinuously. Another difference is the carrier gas method only 
measures concentration using a thermal conductivity detector, where it is assumed that 
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the flow through the system is constant. In contrast, the FRT method measures changes 
in flow rate as opposed to concentration by making very small differential 
measurements between two gas lines. Consequently, changes in pressure directly 
correspond to changes in flow rate. 
One of the most significant findings to emerge from the experimental study is the higher 
nitrogen sorption during the first adsorption cycle. It is important to understand the 
underlying reasons for the occurrence of the higher sorption phenomena during the first 
adsorption cycle, therefore a number of reasons were considered. The first reason 
considers the BET multilayer adsorption model. The occurrence of multilayer 
adsorption on porous materials at cryogenic temperatures is widely acknowledged. 
Therefore, calculations were undertaken to investigate whether the first cycle is caused 
by complete monolayer coverage of the adsorbents. When analysing the monolayer 
capacity of the adsorbents, it was determined that complete monolayer coverage was not 
achieved on the first sorption cycle for the majority of the experimental results. 
Consequently, the higher sorption phenomenon cannot be attributed to the completion 
of the monolayer and the commencing of multilayer adsorption on the subsequent 
cycles. 
The second possible reason considers the potential energy of adsorption. The kinetics of 
an adsorption process can be described by the potential energy curve, which represents 
the energy of the system as a function of the distance of an adsorbate from the surface. 
A schematic of the possible potential energy curve for the experiment is presented in 
Figure 4-17. During the first sorption cycle, nitrogen adsorption occurs because of the 
formation of weak van-der-Waals forces of attraction, which result in the displacement 
of nitrogen inside the pores. Therefore, the higher sorption may occur on the first 
sorption cycle because the physical adsorption forces are stronger than the subsequent 
cycles. 
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Figure 4-17: A schematic of expected potential curve for the FRT experiments 
4.3.5.2. Determinat ion of L o w Surface Area Porous Mater ia l s 
The FRT and static volumetric methods have been used to measure aluminium oxide 
with low surface area. Unlike the determination of surface area of the other adsorbents, 
the FRT method reported a lower surface area for the single cycle analysis than the 
static volumetric method. However, it is important that the static volumetric method 
results must be interpreted with caution. The unreliability of the static volumetric 
method for the study of low surface materials is partially demonstrated by the 
experimental results because it was found that the BET surface area for A-L was 0.36 
In addition, the percentage difference between the BET surface area determined 
using the static volumetric method and the nominal surface area is 30.6 %. In the 
literature, other researchers have supported the findings of the unsuitability of the static 
volumetric method for low surface area determination. 
Krypton adsorption at 77 K is recommended by lUPAC for the investigation of low 
surface area materials, which are below 2 m^g' (Rouquerol et al., 1994). However, this 
analytical method was unavailable. The use of krypton adsorption for the determination 
of low surface area materials is well established (Youssef et al., 1979, Bishay, 1981). In 
recent years, some researchers measured the krypton adsorption isotherms of carbon 
nanotubes at 77 K, where they reported the occurrence of a stepwise isotherm (Muris et 
al., 2000, Babaa et al., 2003). 
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Similar to the carrier gas method, FRT can be used to investigate low surface area 
materials. One of the major benefits of the FRT for the measurement of low surface 
areas is that there is no practical limitation on the amount of adsorbent that can be used 
in the reactors. Therefore, by using a larger amount of adsorbent, FRT can be used to 
investigate materials with a much lower surface area. 
4.3.5.3. Future D e v e l o p m e n t of the F R T method 
In order to develop the FRT technique for the measurement of nitrogen adsorption 
isotherms at 77 K, the experimental apparatus will require a number of modifications. A 
significant problem with the experimental apparatus is the use of manual mass flow 
controllers. The manual mass flow controllers significantly restrict the number of data 
points that can be measured within the limited range of nitrogen partial pressures to 
determine the surface area of a porous material. This limitation can be overcome by the 
use of electronic mass flow controllers, which are software-controlled. The electronic 
mass flow controllers would allow precise measurement of low partial pressures to 
allow the construction of an adsorption isotherm with significantly more data points. 
The increased amount of data would greatly improve the accuracy and repeatability of 
the FRT technique. The selection of suitable electronic mass flow controllers for the 
FRT method depends on evaluating numerous factors including maximum/minimum 
flowrates, chemical compatibility, and particularly the controlling action (i.e. piston-
type, thermal-type, and orifice). The controlling action of an electronic mass flow 
controller can inadvertently introduce artificial noise into the FRT method, which must 
be avoided. 
One experimental weakness is the lack of control of the liquid nitrogen level inside the 
dewar. The design of the experimental setup attempts to minimise the effects of the 
evaporation of liquid nitrogen by using a reference reactor and insulation packaging at 
the top of the dewar. However, the experimental results show some of the experiments 
experienced temperature fluctuations due to evaporation of liquid nitrogen. During 
experimentation, it is impracticable to refill the liquid nitrogen. Therefore, potential 
experimental modifications include the use of a thermal jacket surrounding the reactors 
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and a larger dewar that has the reactors attached to a lid. The thermal jacket should 
facilitate a stable temperature boundary between the cryogenic temperature and 
atmospheric temperature at the entrance of the dewar. 
In order to significantly reduce the experimental time, the FRT apparatus could be 
modified to eliminate the detection of the viscosity effect. This can be achieved by 
using large cylindrical vessels to act as the delay lines. The cylindrical vessels 
effectively create a dead volume in the FRT apparatus. Consequently, when the volumes 
of the cylindrical vessels are of sufficient size, mixing occurs between the perturbation 
and carrier gases causing dilution of the viscosity effect in the large cylindrical vessel. 
The DPT would detect the diluted viscosity effect as a drift in baseline signal, which 
does not affect the integration of the sharp features (i.e. the sorption peaks) on the flux 
response profile. By eliminating the viscosity effect and adopting a different 
investigative approach, adsorption isotherms across the full composition range could be 
measured significantly quicker. In order to demonstrate the investigative approach with 
the elimination of the viscosity effect, consider the expected fiux response profile 
presented in Figure 4-18. 
I P /Po = ^ 5 
1 
P/Po =X4 
P/Pa = • * 
P/Po =^2 
p/Po=Xj 
Time (s) 
Figure 4-18: A schematic of the expected flux response proHle showing the elimination of the 
viscosity effect 
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Figure 4-18 shows the successive adsorption peaks at increasing mole fractions of 
nitrogen in helium. The nitrogen partial pressures are formed by incrementally 
increasing the volumetric flowrate of nitrogen electronically. In effect, the computer 
program would allow the set up of a dosing program to control the volumetric flowrates 
of the perturbation and carrier gases. This modification would significantly improve the 
speed, accuracy, and reproducibility of the FRT technique for the measurement of 
adsorption isotherms. 
There are other experimental recommendations that would improve the FRT technique 
for the measurement of nitrogen adsorption isotherms. Firstly, the experimental 
apparatus should be modified to carry out in-situ regeneration of the adsorbent. This 
modification is relatively simple to implement because it only require the use of the 
temperature-controlled heater to fit the shape of the reactors. Consequently, this would 
eliminate the need to detach the reactors from the experimental setup during 
regeneration. Secondly, the viscosity peak could be eliminated by condensing the 
nitrogen after the sample using a large cooled vessel of liquid nitrogen, which is packed 
with a large packing of zeolite. 
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Chapter 5: Dynamics of 
Ammonia Sorption on 
Zeolites with Different Si/AI 
Ratios 
Zeolites are microporous inorganic crystalline structures with well-defined pores, 
cavities, and molecular dimensions, which are defect free over large surface areas. They 
are widely used in numerous industrial sectors such as petrochemicals, oil refining, 
agriculture, gas separation, and laundry detergents. Consequently, the physico-chemical 
properties of zeolites are extensively studied in chemical engineering and chemistry. 
Pure siliceous zeolites are electrically neutral because silicon has a 4^ charge balanced 
by four oxygen atoms each having a 2" charge, which is shared between two tetrahedra. 
Substitution of one Si''^ ^ atom with one Al^^ causes the tetrahedron to have a formal 
charge o f - I . The introduction of each aluminium atom introduces a negative charge 
into the framework, which requires balancing with a unit positive cationic charge. When 
a negative charge is balanced by a proton or metal cation, it causes the formation of an 
acid site. Zeolites can possess protonic (Br0nsted) acid sites and aprotic (Lewis) acid 
sites. The linking of silicon and aluminium-oxygen tetrahedra causes the formation of a 
Br0nsted acid sites that typically consist of structural OH groups as shown in Figure 
5-1. Lewis acid sites are surface cations or charge-compensating cations and two key 
models for Lewis acid formation have been proposed, which involve either dehydration 
or dealumination of the zeolite framework as outlined in Figure 5-2. 
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Figure 5-1: Formation of a Brensted acid site via linking of silicon and aluminium-oxygen 
tetrahedra (Lercher et al., 2008) 
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\ / ^ \ + / / \ / \ + HjO 
\ 
Dealumination 
[AIO]+ 
+ HjO 
\ 
Figure 5-2: Formation of Lewis acid sites (Zhang et al., 2003) 
The measurement of surface acidity of zeolites typically involves probing acidic sites 
with strong basic molecules such as ammonia or pyridine. The term acidity 
encompasses several attributes including nature (i.e. Br0nsted or Lewis), acid strength, 
and total number of acid sites. In this chapter, Flux Response Technology has been 
investigated for the in situ measurement of ammonia sorption on zeolites with different 
framework Si/Al ratios. Four zeolite samples consisting of ZSM-5 and ferrierite with 
varying Si/Al ratios were investigated. The framework Si/Al ratio is an important 
property that governs the physico-chemical properties (e.g. acid number, acid strength, 
and thermal stability) of zeolites. Characterisation of acidic properties is of great 
importance to catalytic development studies because the properties of acid sites 
determine the activity of a catalyst. Consequently, the determination of activity per acid 
site (turnover frequency, TOF) depends on accurate quantification of acidic properties. 
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The study aims to investigate the dynamics of ammonia sorption on zeolites and to 
characterise the total number of acid sites at an isothermal temperature. Due to the 
application of isothermal experiments, the nature and strength of acid sites will not be 
investigated. The study uses ammonia as a probe molecule because its small molecular 
size enables measurement of almost all acid sites. Chapter 5 has been organised into 
three key sections. In the first section, the theory and experimental configuration of FRT 
for the measurement of ammonia sorption on zeolites are discussed. In the second 
section, the materials and methods for FRT apparatus, solid-state nuclear magnetic 
resonance (NMR), X-ray diffraction (XRD), and X-ray fluorescence (XRF) analysis are 
outlined. In the final section, the results and discussion are examined. 
5 .1 . F R T f o r t h e M e a s u r e m e n t o f A m m o n i a S o r p t i o n o n Z e o l i t e s 
Flux Response Technology can be used for the in situ measurement of ammonia 
sorption on zeolites to investigate the sorption dynamics and quantity of exposed acid 
sites. When carrying out adsorption measurements at elevated temperatures, it is 
necessary to integrate a furnace into the original experimental setup as given in Chapter 
3. A key feature of the experimental setup is a system reactor, which is housed inside a 
temperature programmable furnace. The system reactor is a quartz tube, which contains 
the test sample. 
The FRT apparatus may be fitted with a reference reactor to the reference side of the 
Wheatstone bridge assembly to minimise the effect of pressure drop caused by the 
system reactor and the effects of thermal expansion and contraction of reactor gas. 
Equal reactor volumes on both sides of the Wheatstone bridge assembly will 
compensate for such effects. The reference reactor should be filled with an inert 
material of similar size fraction to the test sample. A schematic of the experimental 
configuration is given in Figure 5-3. The diagram depicts the system reactor attached to 
the system side of the Wheatstone bridge assembly: A reference reactor has not been 
included into the experimental setup because only few milligrams of adsorbent are used 
for the experiments. Therefore, the effect of pressure drop and the effects of thermal 
expansion and contraction were found to be negligible. To protect the internal 
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components of the DPT, the experimental configuration shows the DPT positioned 
upstream of the reactor because ammonia is a corrosive gas. Consequently, ammonia 
perturbations do not interact with the DPT since the ammonia would have to diffuse 
against the convective flow in the pipework. 
Isothermal and non-isothermal experiments can be used to measure the dynamics of 
ammonia sorption. Isothermal experiments involve measuring ammonia sorption at a 
single temperature. Non-isothermal operation allows temperatuie-programmed 
experiments to be carried out. When carrying out temperature-programmed 
experiments, a reference reactor must be used to provide an equal reference volume to 
remove the differential expansion effect. Without an equal reference volume, the 
baseline of the FRT signal would drift at an angle. 
Flow setting 
capillaries 
BPR 1 \ 
T 
MFC 
MFC 
MFC 
/ 
Modified 3 
port valve 
Flow sensing 
capillaries 
l\ 
Delay lines 
furnace reactor 
BPR 
MFC = Mass Flow Controller 
BPR = Back Pressure Regulator 
DPT = Differential Pressure Transducer 
Figure 5-3: A schematic of experimental setup for ammonia sorption on zeolites showing the 
differential pressure transducer located upstream of the reactor 
Consider a typical isothermal experiment that uses ammonia as the perturbation gas and 
argon as the carrier gas. In addition, the experiment involves a step perturbation for a 
single adsorption cycle. The expected flux response profile is given in Figure 5-4 to aid 
understanding of the anticipated pressure and composition effects. 
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Figure 5-4: A schematic of expected flux response profile for ammonia sorption under isothermal 
conditions 
When analysing Figure 5-4 the baseline of the system is represented by /?o ^ this 
indicates stability of the experiment and temperature of the furnace. A perturbation of 
the carrier flow by the addition of ammonia causes the pressure to change to Pi almost 
immediately, where the response time is sub millisecond. Note that a negative excursion 
of the detector signal corresponds to the removal of gas molecules from the system and 
vice versa. The perturbation of ammonia results in a composition front, which travels 
through the system side of the Wheatstone bridge assembly. As the ammonia 
composition front reaches the surface of the adsorbent, adsorption occurs. Once the 
composition front arrives at the sensing capillary, a viscosity effect is measured. The 
viscosity effect is caused when the changed composition passes through the dovmstream 
(sensing) capillary, thus changing the pressure drop according to equation 3-4 in 
Chapter 3. This viscosity effect causes the system pressure to change to P 2 • When the 
ammonia perturbation is removed, the pressure of the system near instantaneously 
changes to p^ . This corresponds to a new baseline due to the mixture of carrier gas 
and ammonia flowing through the sensing capillary. Following this, the carrier gas 
sweeps over the surface of the adsorbent causing a desorption peak. A second viscosity 
effect is observed as the composition front reaches the sensing capillary and pure carrier 
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gas is now flowing again through the system, which returns the transducer signal to its 
original baseline value of PQ. 
Contrary to well-established techniques such as TPD of ammonia, FRT allows the in 
situ measurement of ammonia adsorption and desorption at atmospheric pressure. A 
fundamental advantage is the use of FRT facilitates comparison between the total 
number of acid sites determined by ammonia adsorption and ammonia desorption under 
isothermal conditions. Hence, in situ measurements are carried out under experimental 
conditions similar to industrial operating conditions. In TPD of ammonia, comparison 
between ammonia adsorption and ammonia desorption cannot be achieved because 
measurements are based on the desorption of gas molecules at a fixed ramp rate. Hence, 
only ammonia desorption under non-isothermal conditions is analysed. 
5 .2 . M a t e r i a l s a n d M e t h o d s 
5.2.1. Mater ia l s 
Commercial zeolite samples with different Si/Al ratios were obtained fi-om Zeolyst 
International and their specifications are given in Table 5-1. 
Table 5-1: Material specification of zeolite samples 
Material 
Nominal 
Si/Al 
ratio 
BET Surface 
Area 
Nominal NaiO (Micromeritics 
Cation Weight Tristar 3000) 
Form % 
ZSM-5 CSV 5524G 
(ZSM 50) 
ZSM-5 CBV 28014 
(ZSM-280) 
Ferrierite CP914C 
(FERR 914C) 
Ferrierite CP914 
(FERR 914) 
50 Ammonium 0.05 
280 Ammonium 0.05 
20 Ammonium 0.05 
55 Ammonium 0.05 
395 
385 
296 
281 
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5.2.2. Gases 
Argon (99.995 %) and anhydrous ammonia (99.98 %) were supplied by BOC gases. 
Both of the gas supply lines contained in-line filters, which have a pore size of 0.5 /ZM 
(Swagelok). The ammonia supply line was fitted with a moisture trap (indicating) from 
Thames Restek. 
5.2.3. Mater ia l Character i sat ion 
5.2.3.1. F lux Response Techno logy 
The ammonia sorption experiments were carried out with FRT system 2 and the 
specification of system 2 is detailed in Chapter 2. System 2 has been adapted to the 
measurement of ammonia sorption on zeolites because the differential pressure 
transducer (DPT) is located upstream of the perturbation switching valve, which 
prevents ammonia damaging the beryllium membrane used as the diaphragm inside the 
DPT. Furthermore, system 2 is fitted with a stainless steel Wheatstone bridge, which is 
suitable for experiments involving ammonia because it is a corrosive gas. Experiments 
were carried out using an upstream back pressure of 1.5 bar and a carrier gas flowrate 
of 22.8 mlmin' for the system and reference side of the Wheatstone bridge. 
5.2.3.2. X - r a y Di f fract ion ( X R D ) 
X-ray diffraction (XRD) is a non-destructive method used to characterise the crystalline 
structure of powdered solid materials. The technique focuses X-ray beams on a 
crystalline material and a diffraction pattern is measured. XRD was carried out using a 
X Pert PRO system (PANalytical) with a copper alpha source. The start and end angles 
were 5 and 50 degrees respectively. In addition, the step size was 0.004 degrees and the 
time per step was 10.160 5. 
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5.2.3.3. X - r a y Fluorescence 
In general, X-ray fluorescence (XRF) is a non-destructive method used to determine the 
concentration of elements in a solid, powdered, or liquid sample. X-ray beams are used 
to excite the sample and the fluorescent x-rays are measured. In this study. X-ray 
fluorescence (XRF) analysis (S4 Explorer, Bruker AXS) was employed to quantify the 
concentrations of SiOi and AI2O3. 
5.2.3.4. Sol id-state Nuc lear Magnet i c R e s o n a n c e ( N M R ) 
Solid-state NMR spectroscopy (Cryomagnetic, Spectro spin, Bruker) was used to 
evaluate whether there is extra framework A1 in the zeolite structures. The technique 
involves placing samples in a magnetic field, which induces transitions between the 
magnetic spin energy levels in an atomic nucleus. These transitions cause chemical 
shifts, which are measured as a transition frequency. 
When carrying out the measurement, the samples were loaded into the 4 mm rotators 
and placed in the injection tube. The A1 spiiming speeds for ZSM-50, ZSM-280, FERR-
914C, and FERR-914 were 10799 Hz, 10494 Hz, 1200 Hz, and 3000/6 respectively. 
The Si spinning speeds for ZSM-50, ZSM-280, FERR-914C, and FERR-914 were 5574 
Hz, 5343 Hz, 5341 Hz, and 5124 Hz respectively. The A1 and Si measurements were 
undertaken at pulse angles of 15° and 90 ° respectively. Solid-state NMR experiments 
were carried out by PhD student Mr Ayodeji Sasegbon (Imperial College London) 
under the guidance of Professor Mike Anderson (Department of Chemistry, University 
of Manchester). 
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5 .3 . R e s u l t s a n d D i s c u s s i o n 
5.3.1. Mater ia l Character isat ion 
Preparation of zeolites can involve processes such as hydrothermal steaming or acid 
leaching to control the framework Si/Al ratio; however, these processes may cause the 
formation of extra framework aluminium (EFAL) (Benco et al., 2002, Groen et al., 
2005, Lercher et al., 2008). EFAL can affect the catalytic properties of zeolites, for 
example, they can interact with Br0nsted acid sites causing an increase in acidity. 
Consequently, the presence of EFAL must be verified before measurements are 
undertaken to determine the total number of acid sites using FRT. Zeolite studies 
typically involve the use of X-ray diffraction and solid-state NMR because they provide 
complementary information about the local order of the structure and the long-range 
order of the crystalline material. 
5.3.2. X - r a y Di f fract ion 
X-ray diffraction analysis was carried out to identify the structure, phase purity, and 
long-range order of the zeolite samples. Figures 5-5, 5-6, 5-7, and 5-8 present the 
powder diffraction patterns for ZSM 50, ZSM 280, FERR 914, and FERR 914C. When 
analysing the results, a common feature is the background noise, which is very small 
relative to the peaks on the powder diffraction patterns. Consequently, the results show 
that all the samples have well crystallised structures without the presence of amorphous 
materials. 
To verify the structures of the zeolites, the powder diffraction patterns were compared 
to simulated reference diffraction patterns published by the International Zeolite 
Association (IZA) (Treacy and Higgins, 2007) and actual data reported in the literature. 
(Chester and Derouane, 2009). Comparing the powder diffraction patterns confirms that 
the structures are ZSM-5 for the samples given in Figures 5-5 and 5-6 and ferrierite for 
the samples given in Figure 5-7 and 5-8. 
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Figure 5-8: XRD pattern for as-synthesised 
FERR 914 
5.3.3. Sol id-State N M R Spectroscopy 
Solid-state NMR spectroscopy is used to evaluate the local order structure of zeolites. In 
comparison to XRD, solid-state NMR provides a more accurate determination of local 
structure, hence it has been widely used to determine the presence of EFAL in zeolite 
structures. Typically, when NMR is applied to solid materials, significant line-
broadening effects are caused by nuclear spin interactions such as chemical shift 
anisotropy and dipolar coupling. Chemical shift anisotropy is a chemical shift 
interaction, caused by electrons, which change the magnetic field surrounding the 
nucleus. Dipolar coupling describes the dipole-dipole interactions between the observed 
nuclei and the neighbouring nuclei. To mitigate these line-broadening interactions, the 
experimental technique of magic angle spinning (MAS) is utilised. Magic angle 
spinning involves fast rotation of the sample about an axis inclined at an angle of 6 = 
54°44 to the direction of the external magnetic field thus removing dipolar coupling and 
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chemical shift anisotropy because they are governed by an angular equation (3cos^0-l) 
(Engelhardt et al, 2001). 
The naturally occurring isotopes of ^^Si and ^^Al are widely used in NMR studies to 
investigate the framework structure of zeolites because they form important components 
in the framework structure and they are highly sensitive to NMR experiments. 
Consequently, ^^Si MAS NMR and ^^Al MAS NMR experiments were carried out on all 
the zeolites samples to determine their framework structure. The experimental results 
for the ^^Si MAS NMR and ^^Al MAS NMR experiments are given in Appendix E. 
Comparison between the experimental results and other data reported in the literature 
confirms that the framework structure of ZSM 50 and ZSM 280 was ZSM 5 and the 
framework structure of FERR 914 and FERR 914C was ferrierite (Engelhardt and 
Michel, 1988). The experimental results show that the samples do not have EFAL, 
which is further detailed in Appendix E. 
5.3.4. X - r a y Fluorescence 
Table 5-2 presents the results from the XRF analysis, which shows that the 
concentrations of impurities such as NaiO and K2O are negligible. Note the 
concentrations are expressed in wt %. Table 5-3 presents the calculated SiOz/AlzOg 
ratios based on the XRF analysis. 
Table 5-2: Results obtained from XRF analysis 
Concentration wt % 
SiOz AI2O3 NaiO K2O 
ZSM 50 56.83 1.664 0.0402 0.0118 
ZSM 280 56.51 0.3522 0.0423 0.012 
FERR 914 C 52.56 4.298 0.0613 0.0135 
FERR 914 63.18 1.983 0.0575 0.0125 
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Table 5-3: Si02/Al203 ratios based on XRF analysis 
SiOi/AliOs ratios (XRF) 
ZSM 50 29.0 
ZSM280 138.4 
FERR914C 10.4 
FERR914 27.1 
5.3.5. F lux R e s p o n s e Techno logy 
Flux Response Technology was used to investigate the dynamic behaviour of ammonia 
sorption on zeolites to quantify the total number of acid sites. A key aspect of the 
experimental setup is the addition of a quartz reactor attached to the FRT apparatus to 
enable in situ measurement of ammonia sorption on zeolites (see Figure 5-3). The 
experimental approach involves the use of successive sorption cycles, which consist of 
addition and removal of ammonia into an inert carrier gas for a specified time at 
isothermal temperature. The use of successive dosing allows the investigation of the 
cyclic behaviour of ammonia sorption on zeolite samples. 
When drawing on studies for the measurement of zeolite acidities reported in the 
literature, many researchers reported the presence of weak and strong acid sites within a 
specific temperature range (Rodriguez-Gonzalez et al, 2007, Triantafillidis et al, 
1999). For instance, Rodriguez-Gonzalez et al., (2007) measured the number of 
Br0nsted acid sites on ZSM-5 using temperature programmed desorption (TPD) of 
ammonia, where they report the presence of weak acid sites in the temperature range of 
177 °C to 202 °C and strong acid sites in the temperature range of 357 °C to 442 °C. 
Therefore, FRT experiments were carried out across a temperature range of 25 °C to 
450 °C. 
The experimental study is separated into two sets of experiments, which are termed low 
temperature range and high temperature range. In the low temperature range, ammonia 
sorption on ZSM-5 samples was carried out across temperatures ranging from 25 °C to 
100 °C using five ammonia sorption cycles. A single sorption cycle consists of the 
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addition of ammonia for 12 min and the removal of ammonia for 12 min. In between 
each experiment, the ZSM-5 samples were calcined at 300 °C for 60 min to regenerate 
the adsorbent. In the high temperature range, ammonia sorption on ZSM-5 and ferrierite 
samples were carried out across temperatures ranging from 100 °C to 450 °C using three 
sorption cycles. A single sorption cycle consists of the addition of ammonia for 6 min 
and the removal of ammonia for 6 min. The sorption cycle was shortened to account for 
the faster dynamics of ammonia sorption at higher temperatures. The zeolite samples 
were calcined at 450 °C overnight in between each experiment. 
It is worth acknowledging that the differences between experimental conditions in the 
low and high temperature range such as calcination conditions and sorption cycle times 
hinder the comparison of experimental results. The differences between the 
experimental conditions can be partially attributed to the developmental nature of the 
study to investigate the feasibility of the use of FRT to characterise the acidities of 
zeolites. The first set of experiments was undertaken in the low temperature range. 
However, there were concerns regarding the calcination conditions. Therefore, the study 
embarked upon a second set of experiments to investigate ammonia sorption in the high 
temperature range using a higher calcination temperature carried out overnight. When 
considering the duration of the sorption cycles, preliminary experiments revealed both 
sorption times of 12 min for the low temperature range and 6 min for the high 
temperature range were sufficient to separate the pressure and composition effects on 
the sorption profile. However, direct comparison between both sets of experiments will 
be approached with caution. 
Integration of the areas underneath either the adsorption or desorption peaks can be used 
to determine the total number of acid sites. Preliminary experiments were undertaken to 
investigate the total number of acid sites using the adsorption and desorption peaks on 
the flux response profile. Although both the adsorption and desorption peaks can be 
used to determine the total number of acid sites, comparison of the uncertainties in the 
integration areas (i.e. the amount of sorption) is necessary. In this scenario, the term 
uncertainty describes the effect of the upper integration time limit used to determine the 
area underneath the sorption peak. Consequently, the sorption peak has a low 
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uncertainty if the upper integration time limit does not significantly affect the 
determination of the area underneath the peak and vice versa. 
When determining the total number of acid sites from the adsorption peaks, the results 
showed minimal uncertainty because the peak does not have a prolonged approach to 
the baseline. However, the use of the desorption peaks increased the uncertainty of the 
number of acid sites. This is because the desorption peaks have a prolonged approach to 
the baseline, which significantly affects the determination of the number of acid sites 
especially when the areas of desorption peaks are small. Thus, the determination of the 
number of acid sites is based on the adsorption data. To examine the dynamics of 
ammonia sorption, both the adsorption and desorption data were used. 
5.3.5.1. F R T Prof i les 
Figure 5-9 presents an example of the flux response profile for ammonia sorption for 
the first dynamic cycle on ZSM 50 at a mole fraction of ammonia in argon of 0.0417 
and a temperature at 25 °C. When analysing Figure 5-9, the characteristics of the flux 
response profile corroborate the expected flux response profile explained earlier because 
there is a distinctive separation between the sorption and viscosity effects. The sizes of 
the sorption effects are dependent on the amount of adsorbent material used in the 
reactor. Figure 5-10 presents an example of a flux response profile for ammonia 
sorption for five dynamic cycles on ZSM 50 at a mole fi-action of ammonia in argon of 
0.0417 and temperature 25 °C. 
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Figure 5-9: Flux response profile for the first sorption cycle of ammonia sorption on ZSM 50 at 
ammonia partial pressure of 0.0417 and temperature of 25 "C 
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Figure 5-10: Flux response profile for ammonia sorption on ZSM 50 at ammonia partial pressure 
of 0.0417 and temperature of 25 "C 
In reference to Figure 5-10, the flux response profile shows five dynamic cycles of 
ammonia sorption. It can be observed that the first and second dynamic cycles do not 
exhibit sharp spikes above or below the step change. In contrast, the third to the fifth 
cycles show sharp spikes above the step change. The sharp spikes on the flux response 
profile can be attributed to the back pressure regulator (BPR) for the perturbation. In 
general, spikes above the step change are caused by over-pressurisation of the BPR, 
whereas spikes below the step change are caused by under-pressurisation of the BPR. 
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The occurrence of spikes on the step changes has no effect on measurement of the 
sorption phenomena. 
One important feature of the flux response profile is the baselines of the adsorption and 
desorption peaks. The graph shows that there is a steady state baseline before and after 
the sorption peaks. An unsteady state baseline may indicate that there is an imbalance in 
the FRT apparatus. The imbalance of the FRT apparatus can be caused by the over-
tightening of fittings or incorrect packing of the reactor. Another reason includes over 
saturation of the moisture trap for the ammonia gas. Some of the flux response profiles 
exhibit a small imbalance before and after the sorption peaks. However, experimental 
modifications were undertaken to minimise such effects. Appendix F presents all the 
flux response profiles for ammonia sorption on zeolites. 
5.3.5.2. Interpretat ion of F R T results us ing the L a n g m u i r I so therm 
To aid the interpretation of experimental results, the Langmuir isotherm is used as a 
framework to understand the ammonia sorption phenomena on zeolites. The Langmuir 
isotherm has been previously discussed in Chapter 2 and it is restated in equation 5-1. 
5-1 
c , \ + b^p 
Where: 
6 is the fraction of monolayer coverage 
N^ is the total number of accessible adsorption sites 
N is the number of sites that are currently occupied. This factor incorporates the 
adsorption temperature and the activation energy of chemisorption {E^ 
C is the concentration of the adsorbed phase 
C ^ is the concentration of the adsorbed phase when the monolayer is complete 
P is the partial pressure of the adsorbate in the gas phase 
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is the thermodynamic empirical equilibrium constant, which is defined by equation 
5-2. 
a — 5-2 
61 = 
pi^Tmkf) 1/2 
The key assumption of the Langmuir isotherm is the formation of monolayer adsorption 
on a homogeneous surface. Other assumptions of the Langmuir isotherm include that 
the surface of a solid contains a fixed number of adsorption sites that can only be 
occupied by one molecule at a time, the heats of adsorption for each site are equal, and 
there is no interaction between the adsorbed molecules. A schematic of an isotherm 
described by the Langmuir equation is given in Figure 5-11. Figure 5-11 shows that the 
quantity adsorbed approaches a limiting value as pjp° —>1. 
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Figure 5-11: Schematic of the Langmuir isotherm 
In the low temperature range, ammonia sorption experiments were carried out on ZSM 
280 to establish whether the experimental data from FRT can be used to construct an 
ammonia adsorption isotherm. In comparison to other zeolite samples, ZSM 280 (Si/Al 
= 280) has the highest framework Si/Al ratio; hence it should theoretically have the 
lowest number of protonic sites. Note that the maximum number of protonic sites is 
equal to the number of framework aluminium atoms (Guisnet, 2001). Therefore, the use 
of ZSM 280 provides insight into whether FRT has the ability to provide data for an 
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adsorption isotherm using a sample with the lowest theoretical number of protonic sites 
used in the study. 
Experiments were carried out on ZSM 280 at three different mole fractions of ammonia 
in argon using five sorption cycles. Although there is insufficient data to construct a 
complete adsorption isotherm, the Langmuir isotherm can be used to facilitate an 
understanding of the experimental results. Figure 5-12 presents the effect of quantity of 
ammonia adsorbed against ammonia partial pressure for ZSM 280 at temperatures 
ranging from 25 °C to 100 °C using an overall average of the amount adsorbed for each 
cycle. It can be argued that Figure 5-12 shows that ZSM 280 has achieved full coverage 
because the quantity of ammonia adsorbed has achieved a steady state. In comparison to 
the schematic of the Langmuir isotherm given in Figure 5-11, it can be deduced that the 
partial adsorption isotherm for ZSM 280 is within the steady state region. To further 
investigate the issue of ammonia coverage on ZSM 280, Figure 5-13 presents the effect 
of sorption cycles on the quantity of adsorbed ammonia. Analysis of the effect of 
sorption cycles on the quantity of ammonia adsorbed confirms the presence of steady 
state behaviour after the first sorption cycle. 
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Figure 5-12: Partial ammonia isotherm of ZSM 280 in the low temperature range 
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Figure 5-13: Effect of sorption cycles on the quantity of ammonia adsorbed 
Drawing on the findings of the experimental results, it is asserted that FRT has the 
ability to measure ammonia adsorption isotherms on zeolites. However, further 
experiments would need to carried out using lower mole fractions of ammonia in argon 
to investigate the earlier stages of the ammonia adsorption isotherm (i.e. the concave 
region in Figure 5-11) before the system has achieved a steady state. Experiments using 
lower mole fraction of ammonia in argon can be achieved by significantly increasing 
the flowrate of the carrier gas (argon) and/or decreasing the flowrate of the perturbation 
gas (ammonia). It is anticipated that these changes would cause a reduction in the size 
of the sorption peaks on the flux response profile, which may increase the uncertainty in 
the experimental results. However, a reduction in the sizes of the sorption peaks can be 
avoided by increasing the quantity of adsorbent in the system reactor. 
In the high temperature range, experiments were carried out at a single ammonia partial 
pressure. Therefore, analysis of the experimental results cannot be carried out using the 
framework of the Langmuir isotherm. 
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5.3.6. Dynamics of Ammonia Sorption on Zeolites 
Understanding the dynamic behaviour of ammonia sorption on zeolites requires 
quantification of the amounts of adsorbed and desorbed gas for each sorption cycle. The 
quantities of ammonia ad/desorbed can be determined by integration of the areas 
underneath the sorption peaks on the flux response profile using curve fitting software. 
When the quantities of ammonia ad/desorbed are determined, a ratio analysis can be 
undertaken to determine the relative rates of sorption. A ratio analysis is defined as a 
ratio of the quantity of ammonia adsorbed to the quantity of ammonia desorbed within a 
fixed time This analysis can provide an insight into the sorption dynamics and 
the surface coverage. 
The key principles and assumptions of a ratio analysis are: 
• The sorption cycle times must be equal for adsorption and desorption phases on 
the flux response profile. 
• The quantities of adsorption and desorption are directly extracted from the flux 
response profile by integration of the areas underneath the sorption peaks within 
a specified time, which is referred to as a sorption time. The sorption time is 
defined as an integration time and it is equal for the adsorption and desorption 
peaks. The sorption time has a lower and upper integration time limit and the 
difference between these limits is the duration of the sorption time. In the ratio 
analysis, the total area underneath the adsorption peak must be integrated. 
Therefore, the integration limits for the sorption time must be specified carefully 
to calculate the total area of the adsorption peak. 
The rates of adsorption and desorption are described by equation 5-3 and 5-4 
respectively, which are the underlying equations for the Langmuir isotherm as 
detailed in Chapter 2. 
p ^ _ 5 - 3 
{iTunkTy 
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where, is the rate of adsorption per unit surface area, CX, is the sticking 
probability, k is the Boltzmann constant and ^ i s the mass, T is the 
temperature, and 6 is the fractional coverage. 
r^=p6k-''''"=pek-^''' 
where, is the rate of desorption per unit surface area, P is the rate constant 
for adsorption a n d ^ ^ is the activation energy for desorption that equals the 
heat of adsorption for a physically adsorbed species, and R is the molar gas 
constant. 
• It is important to point out that the rates of adsorption and desorption affects the 
shapes of the adsorption and desorption peaks on a typical flux response profile. 
The main difference between the shapes of the sorption peaks is the desorption 
peak asymptotically approaches the baseline of the system (see Figure 5-14), 
which affects the calculations of the areas underneath the sorption peaks using 
the specified sorption time limit. Since sorption time for the adsorption and 
desorption peaks must be equal for the ratio analysis, the specified sorption time 
calculates the total area of the adsorption peak but it does not calculate the total 
area of the desorption peak. Consequently, the area underneath the adsorption 
peak is termed total adsorption and the area underneath the desorption peak is 
termed partial desorption. 
To explain the different scenarios that may arise from a ratio analysis, it is necessary to 
consider Figure 5-14. Figure 5-14 presents a schematic of a flux response profile for 
ammonia sorption on zeolites, which identifies different sorption areas that may be used 
to construct a ratio profile. A ratio profile is defined as a graph showing the effect of 
sorption cycles against the ratio of the quantity of ammonia adsorbed (i.e. total 
adsorption) to the quantity of ammonia desorbed (i.e. partial desorption) within a 
specified sorption time, which is demonstrated by a schematic of the expected ratio 
profile. When considering the adsorption peak on the flux response profile, integration 
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of the adsorption peak using the different areas (e.g. Al, A2, and A3) virtually gives an 
equal value because the peak quickly returns to the baseline signal. Therefore, 
regardless of whether the calculation involves the areas of Al, A2, or A3, integration of 
the adsorption peak results in the same total amount of adsorption. In contrast, the 
desorption peak has a lengthy asymptotical approach to the baseline signal. Therefore, 
integration of the desorption peak using the different areas (e.g. Dl, D2, and D3) are 
unequal. 
In accordance with the theoretical flux response profile, three key scenarios may occur 
on the ratio profile. Scenario 1, 2, and 3 are defined as ratios Al :D1, A2;D2, and A3:D3 
respectively. When the system has achieved pseudo-equilibrium, the effect of sorption 
cycles is constant and equal to 1 with the ratio of adsorption to desorption. When the 
system has not achieved full coverage, the effect of sorption cycles is increasing with 
the ratio of adsorption to desorption. 
0 
O w 
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Di 
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Scenario 1: Ratio Ai/D, 
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Figure 5-14: Theoretical ratio profile and corresponding flux response profile and corresponding 
ratio 
Figure 5-15 presents a ratio profile for ZSM 50 in the low temperature range at an 
ammonia partial pressure of 0.11. It can be observed that ^ increases with the 
number of sorption cycles. This effect can be attributed to the low Si/Al ratio of ZSM 
50, which results in a high number of potential acid sites. Hence, the surface of ZSM 50 
has not achieved full coverage. Another observation from the ratio profile for ZSM 50 is 
increases with temperature. For instance, the first sorption cycle at 25 °C shows 
that^^^^ is 1, whereas at 100 °C ^ is 2.25. The increasing effect of R^^^ with 
temperature can be explained by the governing equations for the rates of adsorption and 
desorption outlined earlier. In equation 5-3, the rate of adsorption is inversely 
proportional the square root of temperature and, in equation 5-4, the rate of desorption 
is exponentially proportional to the inverse of temperature. Consequently, when 
analysing the effect of the relative rate of adsorption to d e s o r p t i o n w i t h 
temperature, it can be deduced that the rate of desorption exponentially declines with 
temperature causing the system to desorb more slowly at higher temperatures. Hence, 
the slower desorption at higher temperatures increases the relative rate of adsorption to 
desorption. 
Figure 5-17 presents the ratio profile for ZSM 280 in the low temperature range at a 
mole fraction of ammonia in argon of 0.0482 and it can be observed that ^ is 
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relatively constant with the number of sorption cycles. The constant behaviour of 
with number of sorption cycles implies that the surface of ZSM 280 has achieved full 
coverage. The results show that the effect of temperature is inconclusive because there 
is relatively high variation in the experimental data. However, the average using all 
the experimental data is 1.62 with a relative standard derivation of 20.1 %. 
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Figure 5-15: Effect of temperature on sorption Figure 5-16: Effect of temperature on sorption 
ratio against number of sorption cycles for ZSM ratio against number of sorption cycles for ZSM 
50 in the low temperature range 280 in the low temperature range 
In the high temperature range, the ratio profiles for ZSM 50, ZSM 280, and FERR 914C 
at an ammonia partial pressure of 0.2 are given in Figures 5-19, 5-20, and 5-22 
respectively. One general observation is pseudo equilibrium (i.e. steady state) has been 
achieved because is constant with the number of sorption cycles. The average 
for ZSM 50, ZSM 280, and FERR 914C are 1.07, 1.08, and 1.04 and the corresponding 
relative standard derivations are 4.9 %, 3.5 %, and 3.4 % respectively. Figure 5-19 
shows the ratio profile for FERR 914 at ammonia partial pressure of 0.2. The results 
show a high variability in the experimental data therefore the effect of the number of 
sorption cycles and temperature with ^ is inconclusive. However, when calculating 
an average , it was found that is 1.23 and the relative standaid derivation is 
18.0 %. 
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Figure 5-18: Effect of sorption ratio against 
number of sorption cycles for ZSM 280 in the 
high temperature range 
2.0 1 
1.8 -
1 .6 -
1 .4 -
1 .2 -
1 .0 -
0 . 8 -
0 . 6 -
0 . 4 -
0 . 2 -
0 . 0 -
FERR 914 Ammonia partial pressure = 0.2 
Temperature (°C) 
- • - 1 0 0 - • - 2 0 0 -A-300 -4K-400 450 
1 2 
N u m b e r o f s o r p t i o n c y d e s 
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5.3.7. Determination of the Total number of Acid Sites 
Figure 5-21 and 5-24 show the effect of temperature on the total number of acid sites 
using the single cycle and average cycle analyses respectively. The single cycle analysis 
considers the quantities of ammonia ad/desorbed from the first dynamic cycle and the 
average cycle analysis considers the sorption amounts from the subsequent cycles. A 
key observation is that the total number of acid sites gradually decreases with increasing 
temperature. This trend is consistent with the dynamic equation for the rate of 
adsorption presented in equation 5-3 because it shows that the rate of adsorption is 
inversely proportional to temperature. Furthermore, the rate of adsorption is directly 
proportional to the total number of acid sites. When considering the effect of Si/Al ratio, 
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the resuhs show that the zeohte samples with the lower Si/Al ratios such as FERR 914C 
exhibited the highest number of total Brgnsted acid sites and ZSM 280 exhibited the 
lowest number of total acid sites. This relationship between the Si/Al ratios of the 
zeolite samples and the total number of acid sites is expected because the total number 
of acid sites directly depends on the framework Si/Al ratio. 
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Figure 5-21: Effect of temperature between 100 "Cto 450 "C on the number of acid sites using the 
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At elevated temperatures, there is a strong correlation between the decreasing number of 
Br0nsted acid sites and increasing number of Lewis acid sites. The formation of Lewis 
acid sites can be attributed to dehydroxylation of hydroxyl groups at temperature above 
300 °C. It can be argued that the number of acid sites approach a constant value after 
400 C, which may represent the total number of Lewis sites. However, further 
experiments would need to be undertaken to investigate the nature of acid sites. Figure 
5-23 exemplifies the formation of Lewis acid sites via dehydroxylation of hydroxyl 
groups. 
Br0nsted acid sites 
y H Lewis acid site Basic site 
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Figure 5-23: Formation of Lewis acid sites via dehydroxylation of hydroxyl groups 
Comparison between ZSM 50 and FERR 914 samples, which have similar Si/Al ratios, 
reveals that there is a slight difference in the total number of acid sites. For instance, at 
400 °C, the total number of acid sites for ZSM 50 and FERR 914 are 0.76 and 0.51 
mol.kg^ for the single cycle analysis, respectively. Since ZSM 50 has a Si/Al ratio of 50 
and FERR 914 has a Si/Al ratio of 55, the difference between the total numbers of acid 
sites may be caused by structural differences between ferrierite and ZSM-5 structures. 
When drawing on the work of Contescu and Schwarz (1999), they explain that the acid 
properties of zeolites are affected by solvent effects, which describe the influence of the 
chemical effects of the solvent on acid-base properties, and molecular sieve or 
geometrical effects, which describe the perturbation dynamics of probe molecules in the 
structures of zeolites. They further explain that both the solvent effect and the molecular 
sieve or geometrical effects occur simultaneously and they change the intrinsic acid-
base properties. In this study, it is argued that the sorption of ammonia on the acid sites 
is more restricted on FERR 914 compared to ZSM 50 because of the pore structure of 
ferrierite, which consists of 8 membered ring channel parallel to the <010> axis and 10 
membered rings channel parallel to the <001> axis (Harrison et al., 1986). In contrast. 
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the pore structure of ZSM -5 consists of pentasil units (8 five membered rings) linked 
by oxygen bridges to form corrugated sheets with 10 membered ring channels. 
Zeolites often have different strengths of acid sites that can be characterised by 
techniques such as TPD of ammonia. Figure 5-24 offers a typical TPD profile for ZSM-
5 exhibiting two peaks (red vertical lines) that can be attributed to weak acid sites and 
strong acid sites. Put simply, the TPD profile represents desorption peaks, which are 
obtained by ramping the temperature from 120 °C to 500 °C at a fixed ramp rate. 
0 10 
_ 0.08 
s 
d 0.00 
V 
0.04 
[A> 
Q 
/ ^ 
!/^ :D) 
y " 
• ^rCflrmn) \ 
IOC 2C0 aoo 400 000 
rC) 
Figure 5-24: TPD Profile for ammonia desorption from ZSM-5 (Micromeritics) 
In contrast, ammonia sorption experiments on zeolites carried out using Flux Response 
Technology were conducted at isothermal temperatures ranging from 25 °C to 450 °C. 
These experiments were used to investigate the dynamics of ammonia sorption on the 
surfaces of ZSM-5 and ferrierite. Due to the use of isothermal experiments, the 
strengths of acid sites cannot be distinguished. However, the total number of acid sites 
can be determined from the flux response profile using the adsorption or desorption 
peaks. As previously mentioned, the adsorption peaks are used to determine the total 
number of acid sites because preliminary experiments showed that integration of the 
areas underneath the peaks exhibited minimal uncertainty. 
To facilitate comparison between results obtained using FRT and other results using 
TPD of ammonia, it is important to identify the relationships between both sets of data. 
In reference to Figure 5-24, the two peaks on the TPD profile attributed to weak and 
strong acid sites occur within temperature ranges of approximately 170 - 230 °C and 
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370 - 420 °C respectively. For the FRT experiments, it is assumed that the total number 
of acid sites can be determined using the initial temperature for the weak region. By 
way of illustration, the region for the weak acid sites commences at approximately 200 
°C on the TPD profile, therefore, FRT data for 200 °C will be used to determine the total 
number of acid sites. This assumes that the FRT data at 200 °C represent the total 
number of acid sites at all temperatures above 200 °C including the stronger acid sites in 
the higher temperature range. Similarly, the region for the strong acid sites finishes at 
approximately 450 °C on the TPD profile, therefore, FRT data for 450 °C will be used 
to determine the total number of acid sites. Consequently, data for 200 °C and 450 °C 
represent the lower and upper boundaries of the total number of acid sites for FRT. 
Therefore, the difference between the upper and lower boundaries for FRT data will be 
used to compare to TPD data. 
To validate the experimental results, it is important to consider experimental results 
obtained firom other studies. In order to compare the results, it is necessary to use the 
method explained above to extract the total number of acid sites from the FRT data. 
Table 5-4 presents results reported in the literature for the measurement of the total 
number of acid sites for ZSM-5 and ferrierite using TPD of ammonia. 
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Table 5-4: The total number of acid sites for ZSM-5 and ferrierite measured using TPD of 
ammonia 
Total no. 
of acid 
sites 
(mol/Jcg) Ref Material 
Si/Al TPD of 
ratio Treatment ammonia (°C) 
ZSM-5 
ZSM-5 
H-ZSM-5 
H-ZSM-5 
Cu-ZnO-
A1203-
ferrierite 
25 
41 
50 
280 
25 
fresh 
fresh 
12h He 
12h He 
5h Air at 
400 °C 
H-ferrierite 8.88 4h at 550 °C 
Weak: 170 to 
210 
Strong: 430 to 
440 
Weak: 170 to 
210 
Strong: 430 to 
440 
Weak: 177 to 
202 
Strong: 357 to 
442 
Weak: 177 to 
202 
Strong: 357 to 
442 
Weak: 140 to 
340 
Strong: 340 to 
350 
271 to 460 
1.05 (Triantafillidis 
etal., 1999) 
0.68 (Triantafillidis 
etal., 1999) 
0.44 (Rodriguez-
Gonzalez et al., 
2007) 
0.13 (Rodriguez-
Gonzalez et al., 
2007) 
1.457 (Bae et al., 
2009) 
0.95 (Canizares and 
Carrero, 2003) 
The TPD of ammonia data shows that the temperature of the weak acid sites starts at 
approximately 174 °C for ZSM-5 and 271 °C for ferrierite. To directly compare the FRT results, the 
total number of acid sites for ZSM-5 and ferrierite are determined at temperatures of 200 "Cand 
450 °C. By using these temperatures to determine the total number of acid sites, Table 5-5 and 
Table 5-6 summarise the total number of acid sites for ZSM-5 and ferrierite measured 
using FRT at 200 °C and 450 °C respectively. In order to compare with the data 
obtained using FRT and the data obtained using TPD of ammonia, Table 5-7 presents 
the difference between the total number of acid sites above 200 °C and 450 °C. 
Table 5-5: The total number of acid sites for ZSM-5 and ferrierite measured using Flux 
Response Technology above 200 °C 
Material Si/Al ratio Total no. of acid sites Total no. of acid sites 
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above 200 "C using 
single cycle analysis 
(mol/kg) 
above 200 "C using 
average cycle analysis 
(mol/kg) 
ZSM 50 
ZSM 280 
FERR914C 
FERR 914 
50 
280 
20 
55 
L260 
0.492 
1.604 
0.772 
1.043 
0.433 
L293 
0.732 
Table 5-6: The total number of acid sites for ZSM-5 and ferrierite measured using Flux 
Response Technology above 450°C 
Material Si/Al ratio 
Total no. of acid sites 
above 450 "C using 
single cycle analysis 
(mol/kg) 
Total no. of acid sites 
above 450 °C using 
average cycle analysis 
(mol/kg) 
ZSM 50 
ZSM 280 
FERR 914 C 
FERR 914 
50 
280 
20 
55 
&858 
0.347 
0.778 
0.499 
0.698 
0.300 
0.619 
0.412 
Table 5-7: Difference between the total number of acid sites for ZSM-5 and ferrierite at 200 °C 
and 450 "C measured using Flux Response Technology 
Difference between the 
total no. of acid sites 
above 200 "C and 450 
Difference between the 
total no. of acid sites 
above 200 "C and 450 "C 
Material 
Si/Al 
ratio 
°C using single cycle 
analysis (mol/kg) 
using average cycle 
analysis (mol/kg) 
ZSM 50 50 0.402 0.345 
ZSM 280 280 0.145 0.156 
FERR 914 C 20 0.826 0.674 
FERR 914 55 0.273 0.310 
When analysing Table 5-4 and Table 5-7, it can observed that there is excellent 
correlation between the data for FRT and TPD of ammonia. For example, it was found 
that the difference in total number of acid sites between 200 °C and 450 °C for ZSM 50 
was 0.402 molkg^ using FRT (singe cycle) and 0.44 molkg'' using TPD of ammonia 
(Rodriguez-Gonzalez et al, 2007). Similarly, difference in total number of acid sites 
between 200 °C and 450 °C for ZSM 280 was 0.145 molkg'' using FRT (single cycle) 
and 0.13 molkg'' using TPD of ammonia. One conclusion to emerge from the study is 
182 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
the strong correlation between the experimental data obtained using an in situ 
characterisation method (FRT) and static characterisation method (TPD of ammonia). 
This is particularly encouraging because there are fundamental differences between the 
characterisation methods. The work of Eigenmann and co-workers, who investigate the 
dynamic measurement of ammonia sorption on zeolites using Pulse TA®, support the 
findings of this research because they also report a strong correlation between the data 
obtained using an in situ characterisation (Pulse TA®) method and a static 
characterisation method (TPD of ammonia) (Eigenmann et al, 2000). 
The results suggest that FRT is a viable method for the determination of the total 
number of acid sites. However, it is worth acknowledging that the current analytical 
method may affect the determination of the total number of acid sites on zeolites. This 
may be caused by the use of adsorption peaks on the flux response profile at elevated 
temperature. In order to demonstrate this point, consider an expanded view of the flux 
response profile for ZSM 50 at 25 °C and 450 °C given in Figure 5-25 and Figure 5-26, 
respectively. 
ZSM 50 
Temperature = 25 °C 
ZSM 50 
Temperature = 450 °C 
Integral area for 
adsorption peak 
Integral area for 
adsorption peak 
Time (s) Time 1%; 
Figure 5-25: Expanded flux response profile for Figure 5-26: Expanded flux response profile for 
ZSM 50 showing the adsorption peak at 25 °C ZSM 50 showing the adsorption peak at 450 °C 
Comparing the flux response profiles shows that there is an offset effect on the 
adsorption peak at 450 °C. Further experimental modifications would need to be 
undertaken to verify the reason for the offset effect. However, it may be attributed to the 
difference in temperature between the sample and gases. Separating the adsorption peak 
and the offset effect may possibly require additional quartz pipework inside the furnace. 
The additional pipework would provide enough time for the sample and the gases to 
achieve the desired temperature. The experimental results accounted for the offset effect 
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in the analytical method. Figure 5-26 depicts the highlighted region, which was used to 
determine the area of the adsorption peaks at elevated temperatures. 
5.3.8. Development of FRT for Investigating Ammonia Sorption on 
Zeolites 
The key advantages of investigating the dynamics of ammonia sorption on zeolites and 
measuring the total number of acid sites using FRT are summarised below: 
• In situ measurement of adsorption and desorption processes at isothermal 
temperatures facilitate realistic comparisons with industrial processes. In reference 
to other adsorption methods, this only occurs for pressure swing adsorption. Other 
characterisation methods cannot measure the dynamics of ad/desorption process 
under isothermal conditions. 
• Integration of the areas underneath the sorption peaks allows quantification of 
ad/desorption directly from the flux response profile. This information can be used 
to investigate ad/desorption isotherms and relative rates of adsorption to desorption. 
• FRT operates at atmospheric pressure as opposed to vacuum pressure, which is 
closer to realistic operating conditions for industrial processes. Other in situ 
methods such as the Rubotherm© can operate at extreme pressure ranging from 
ultra high vacuum to 500 bar (see Chapter 2). 
• The duration of the contact time between the adsorptive gas and the catalyst can be 
precisely measured because the adsorptive gas flows through a fixed catalyst bed. 
The current experimental configuration involves the use of a single reactor on the 
system side of the Wheatstone bridge, which limits the type of experiments to 
isothermal operation. Although isothermal experiments are more comparable to 
industrial operating conditions, they do not offer information about the type (i.e. 
Brensted or Lewis) and strength of acid sites. Alongside the total number of acid sites, 
understanding the type and strength of acid sites allows full characterisation of surface 
acidity. To investigate the strength of acid sites, FRT needs to be adapted to carry out 
temperature programmed desorption (TPD) experiments. Firstly, a reference reactor 
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should be attached to the reference side of the Wheatstone bridge, which should be 
inserted inside the furnace alongside the system reactor. Without maintaining both 
reactors at the same temperature, the baseline signal would experience significant drift 
effects. Secondly, a thermocouple should be attached inside the system reactor for 
precise measurement and monitoring of temperature to allow precise TPD experiments 
to be undertaken. Thirdly, the pipework would require extension to delay the time the 
adsorption and desorption peaks occur on the flux response profile. Delaying the time of 
the adsorption peak would allow sufficient time for temperature ramping during TPD 
experiments. 
The combination of FRT with TPD operation would provide a powerful characterisation 
method for investigating the sorption dynamics on the surface of adsorbents. 
Particularly, a major benefit includes the ability to investigate adsorption and 
temperature programmed desorption within the same experimental setup at atmospheric 
pressure. When considering other in situ characterisation methods that can be used to 
investigate ammonia sorption on zeolites, there is a paucity of viable methods. 
However, PulseTA®, which is discussed in Chapter 2, is an example of an in situ 
characterisation that has been used to investigate dynamics adsorption and desorption 
on zeolites. 
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Chapter 6: Measurement of 
gas permeabilities of 
polymeric membranes 
Gas permeability is the foremost parameter used to characterise gas separation 
membranes. Flux Response Technology has been modified to investigate low-level gas 
permeabilities through polymeric membranes using two applications, which are proton 
exchange membrane (PEM) electrolytes used for fuel cell applications and food 
packaging films. 
• PEM fuel cells: Proton exchange membrane (PEM) fuel cells are 
electrochemical devices used to convert chemical energy to electrical energy via 
oxidation and reduction reactions. In these devices, a proton exchange 
membrane typically acts as an ion-conducting electrolyte. PEM fuel cells often 
suffer from hydrogen crossover, which is defined as the undesirable diffusion of 
hydrogen across the proton exchange membrane (Yang et al, 2006). The 
difficulties associated with hydrogen crossover include decrease in fuel cell 
efficiency, membrane degradation, and potential evolution of hydrogen 
peroxide, which can cause pinholes in the proton exchange membrane. Accurate 
quantification of gas crossover is fundamental to the development of PEM fuel 
cell technology. The first objective of this chapter is to modify FRT for the 
measurement of gas permeabilities to investigate hydrogen crossover across five 
commercial proton exchange membranes namely Nafion® 117, Nafion® 115, 
Nafion® NRE 212, fumapem® F-950, and fumapem® F-1050. The second 
objective is to investigate the binary permeation of CO2/H2 gas mixtures across 
Nafion® 117 to evaluate performance of the membrane. 
• Food packaging films: Fresh and minimally processed foods are often wrapped 
with modified atmosphere packaging (MAP) films in a controlled gas 
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atmosphere to regulate the permeation of oxygen, carbon dioxide, and nitrogen. 
Controlling the permeation of these gases helps to alleviate the need for artificial 
preservatives, extends the shelf-life of fresh produce, and maintains the quality 
of food products. Subsequently, the third objective is to measure the oxygen and 
argon permeabilities of several food packaging films including freshly pre-
packed salads films and general-purpose cling film. 
Chapter 6 is structured as follows. In the first section, the main experimental approaches 
of FRT for membrane characterisation, which are the in situ permeability method and 
the online permeability method are discussed. In the second section, the materials and 
methods are examined. In the third section, the results and discussion for the 
determination of hydrogen crossover across five proton exchange membranes and the 
measurement of the binary permeation of CO2/H2 mixtures across Nafion® 117 are 
discussed. In the final section, the experimental results for the material characterisation 
and determination of gas permeabilities of food packaging films are presented. 
6.1. FRT for the measurement of gas permeabilities of polymeric 
membranes 
By integrating a permeation cell into the Wheatstone bridge assembly as illustrated in 
Figure 6-1, gas permeabilities of polymeric membranes can be measured using FRT. 
The experimental configuration presented in Figure 6-1 is termed the in situ 
permeability method. In this experimental configuration, the retentate side of the 
permeation cell is attached to the system side of the Wheatstone bridge assembly and 
the permeate side of the permeation cell is attached to the reference side of the 
Wheatstone bridge assembly. In contrast to other experimental configurations used for 
FRT (e.g. in situ measurement of ammonia sorption on zeolites), the reference side of 
the Wheatstone bridge assembly plays an equal but opposite role in the measurement of 
mass transport phenomena through the membrane alongside the system side of the 
Wheatstone bridge assembly. 
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Figure 6-1: A schematic of the in situ permeability method using FRT 
Consider a typical experiment using the in situ permeability method and the expected 
flux response profiles as illustrated in Figure 6-2 and Figure 6-3. Figure 6-2 presents a 
schematic of the expected flux response profile with separate system and reference 
signals, where there is independent measurement of changes in pressure for each signal. 
Figure 6-3 presents a schematic of the expected flux response profile with combined 
system and reference signals using a differential pressure transducer. 
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Figure 6-2: A schematic of the expected flux 
response profile showing separate, theoretical 
system and reference signals for the in situ 
permeability method 
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Figure 6-3: A schematic of the expected flux 
response profile showing combined system and 
reference signals (i.e. total response) for the in 
situ permeability method 
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In reference to Figure 6-2, at time zero, inert carrier gas flows through the experimental 
apparatus and the system is referred to as a null system because the pressures on both 
sides of the permeation cell are the same; therefore, the differential pressure transducer 
(DPT) measures a constant system baseline signal ) and a constant reference 
baseline signal Note that the differential pressure transducer measures the system 
signal as a positive voltage and the reference signal as a negative voltage since only the 
diaphragm of the DPT separates the two streams. Following this, perturbation gas (test 
gas) is injected into the system side of the Wheatstone bridge assembly causing a near 
instantaneous positive excursion from the baseline to for the system signal and the 
reference signal remains constant at When the composition front reaches the 
surface of the membrane on the retentate side of the permeation cell, it diffuses through 
the membrane into the permeate side of the permeation cell. At this point, the system 
signal measures a reduction in pressure because gas is lost from the retentate side of the 
membrane and the reference signal measures an increase in pressure because the gas 
is gained on the permeate side of the membrane p . Consequently, the flux, J , can be 
determined by either equation 6-1 or equation 6-2. 
J = = Ps, - Ps, 6-1 
J = ^Pr = PR, - PR, 6-2 
In reality, due to the configuration of the DPT and the data acquisition system, a single 
signal representing a combination of the system and reference signal is measured. The 
corresponding expected flux response profile for the combined system and reference 
signals (see Figure 6-3) shows an initial pressure PQ at time zero, which is caused by 
the flow of carrier gas through the apparatus at time zero. The first pressure change 
is caused by the addition of perturbation gas to the system side of the Wheatstone bridge 
assembly, which produces a near instantaneous positive step change and a composition 
front. When this composition front reaches the surface of the membrane, the 
perturbation gas diffuses through the membrane. The diffusion of perturbation gas 
through the membrane causes a second pressure change that represents the 
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difference between the system and reference signal at the interface of the membrane 
because, once again, gas is lost on the retentate side of the permeation cell and gas is 
gained on the system side of the permeation cell. Thus, the DPT carries out dual 
measurement of the flux of permeate across the membrane as given by equation 6-3. 
J ^ ^ ^ {^Ps - ^Pr) 6-3 
2 2 
Due to the dual detection of the flux of permeate across the membrane, it is necessary to 
divide 4^ by 2 as given in equation 6-3. Once the composition front reaches the 
downstream sensing capillaries, where the pressure is changed in accordance with 
Hagen-Poiseuille's Law given by equation 4 in Chapter 3, a third change in pressure 
{P2,) is measured. Pj, represents the viscosity effect caused by the change in 
composition caused by addition of perturbation gas into the carrier gas. One main 
advantage of the in situ permeability method is the ability to perform dynamic 
experiments on membrane systems, which allows the measurement of transient fluxes 
through membranes. Another advantage is the experimental configuration allows the 
possibility of carrying out a range of pulse and step perturbation experiments. 
An alternative method for measuring gas permeabilities of polymeric membranes using 
FRT involves the use of delayed accumulation of the permeate gas inside the high-
pressure permeation cell for a specified time before making pulse injections into the 
FRT apparatus. This specified time is termed the accumulation time. The key advantage 
of this experimental setup is that permeability measurements are less restricted by the 
specification of the DPT because the accumulation time can be tailored to suit the 
permeation rate of the diffusing gas. Figure 6-4 presents a schematic of the experimental 
configuration referred to as the online permeability method, which shows the 
permeation cell attached to the system side of the Wheatstone bridge via an ON/OFF 
valve (V-1). Note the experimental configuration shows a simplified setup for the 
permeation cell and detailed diagrams of experimental configuration of the permeation 
cell for each type of experiment are given in section 6.2.2.2. In reference to Figure 6-4, 
online permeability experiments are carried out by closing the V-1 valve to accumulate 
the permeate gas for a given accumulation time before injecting into the FRT apparatus. 
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Successive injections of the permeate gas allow the determination of the flux of 
permeate gas across the membrane. 
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F igure 6-4: A schematic of the online permeabil i ty method using F R T 
Figure 6-5 presents a schematic of the expected flux response profile for the online 
permeability method. The two main aspects of the accumulation profile are the 
reference experiment and the accumulation experiments. In order to eliminate the 
viscosity effect and simplify the data analysis, a reference experiment is carried out 
using the same gas composition for the carrier and perturbation gases. In the data 
analysis, the reference experiment is used to determine the area and the number of 
moles caused by the perturbation because the area underneath the step change 
corresponds to the number of moles of the perturbation gas. The number of moles can 
be determined by measuring the volumetric flowrate of the perturbation gas using a 
soap bubble flow meter and plotting a calibration curve for the volumetric flowrate of 
the perturbation gas and the change in signal response of the DPT. The accumulation 
experiments show successive injection of permeate gas into the FRT apparatus resulting 
in accumulation peaks. The number of moles of permeate gas can be determined using 
equation 6-4. 
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where, N ^ is the number of moles produced by the permeation, is the area 
underneath the accumulation peak, N p is the number of the perturbation gas in the 
reference experiment, and Ap is the area underneath the step change caused by the 
perturbation gas in the reference experiment. 
The overall flux of permeate across the membrane can be determined by plotting the 
number of moles produced by the accumulation against the accumulation time. This 
profile is termed the flux profile, which is depicted in Figure 6-6. The anticipated result 
assumes that the number of moles produced by the permeation is directly proportional 
to the accumulation time and the flux across the membrane can be determined by 
the gradient of the line as given in equation 6-5. 
gradient— Flux— J - N. 
6-5 
6.1.1. Preliminary Experiments using the In Situ and Online Methods 
The in situ permeability method was used to carry out preliminary experiments for the 
measurement of hydrogen crossover across Nafion® 117, which involved the use of 
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argon as the inert carrier gas and hydrogen as the perturbation gas. Analysis of the flux 
response profile revealed that the DPT only detected the viscosity effect and failed to 
detect the flux of permeate gas across the membrane. The failure of the DPT to detect 
the flux of permeate gas is attributed to the dense structure of the polymeric membrane 
and the sensitivity of the DPT. The specification of the DPT is 1 F output for ±10 mm 
H2O, which is equivalent to 1 K for 98 Pa. In order to use the in situ permeability 
method for the measurement of very low gas permeabilities, it is necessary to use a DPT 
with increased sensitivity such as 1 Ffor ± 2 mm/H20, which is equivalent to 1 F for 19 
Pa according to the specification of the DPT. In order to circumvent the issue of the 
DPT, the preliminary experiments were carried out for the measurement of hydrogen 
crossover across Nafion® 117 using the online permeability method. The selection of a 
suitable range for the accumulation times enables the detection of hydrogen crossover 
across Nafion® 117 using a DPT with the specification of 1 F output for ±10 mm H2O. 
6.2. Materials and Methods 
6.2.1. Materials 
6.2.1.1. Commercial Proton Exchange Membranes used for PEM Fuel 
Cells 
Nafion® 117, Nafion® 115 and Nafion® NRE 212 membranes are manufactured by 
DuPont and supplied by Fuel Cell Store USA with nominal membrane thicknesses of 
183 jum, 127 ^m and 50.8 fim respectively. FuMA-Tech supplied the fumapem® F-950 
and fumapem® F-1050 proton exchange membranes with a nominal membrane 
thickness of 50 fim. All samples were stored in the original packaging and out of direct 
sunlight in a climate-controlled environment. 
6.2.1.2. Commercial Food Packaging Films 
Commercial food packaging films used for pre-packed salads were obtained from 
Sainsbury's (S-1) and Tesco (S-2) and general-purpose cling film manufactured by 
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Baco (CF-1) was used in the study. In order to investigate the structure and composition 
of the food packaging films, material characterisation methods, including scanning 
electron microscopy (SEM), differential scaiming calorimetry (DSC), and infrared 
spectroscopy (IR), were used. The food packaging films were stored out of direct 
sunlight in a climate-controlled environment. 
6.2.1.3. Gas Supply 
Argon (99.995%) and high purity hydrogen (99.995%) were supplied by HOC Gases 
and the carbon dioxide (99.8%) was supplied by Sigma Aldrich. 
6.2.2. Key Components of the Experimental Setup 
6.2.2.1. Flux Response Technology 
Systems 1 and 3 have been modified to investigate the food packaging films and the gas 
permeabilities of proton exchange membrane electrolytes used for fuel cell application, 
respectively. System 1 consists of separate brass blocks for the upstream flow setting 
capillaries and the downstream flow sensing capillaries, which form the Wheatstone 
bridge assembly. In addition, the differential pressure transducer is located downstream 
of the high-pressure permeation cell. In order to improve the design and features of 
system 1, system 3 has been compactly designed with a single stainless steel block for 
the Wheatstone bridge assembly and the differential pressure transducer is located 
upstream of the permeation cell. Detailed specifications of systems 1 and 3 are given in 
section 3.4.2 in Chapter 3. All permeability experiments were carried out using the 
online permeability method as given in Figure 6-4. 
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6.2.2.2. Permeation Cell 
A high-pressure (max. 10 bar) stainless steel permeation cell is used for 
experimentation. Figure 6-7 presents photographs and a schematic of the permeation 
cell. The external body of the permeation cell consists of two stainless steel circular 
sections. In reference to Figure 6-7, three gas line cormections, labelled R-1, R-2, and 
R-3, are attached to the retentate section (1). The first connection (R-1) is used to supply 
the test gases, the second connection (R-2) is connected to a pressure gauge, and the 
third connection (R-3) is linked to a back pressure regulator (BPR). The permeate 
section (2) has two gas line connections, which are labelled P-1 and P-2. The permeate 
gas passes through the first connection (P-1) and the second connection (P-2) can be 
used to connect a sweep gas or sealed off using a plug fitting. The permeation cell has 
four internal components, which are labelled parts (a), (b), (c) and (d). Part (a) is a 
stainless cylindrical block with a cone-shaped insert, which has an o-ring fitting at the 
top. This component is used to seal inside the permeation cell and to separate the 
retentate and permeate gases. Part (b) is a rubber seal (Vitron®), which has been 
customised to suit the size and shape of the membranes. Part (c) is an aluminium frit 
used to separate the retentate and permeate and acts as a porous support structure. The 
test membrane is located between parts (b) and (c). Part (d) is a stainless steel support 
for the aluminium frit. 
R-1 
R-2 
Cone insert (a) 
Stainless steel 
support (d) 
= membrane 
R-3 
Retenate side 
Rubber Vitron® seal (b) 
Aluminium frit (c) 
Permeate side 
Figure 6-7: Pho tograph and schematic of the high pressure permeat ion cell 
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The experimental configuration of the high-pressure permeation cell must be adapted 
for single component and binary component permeation across membranes. A 
schematic of the experimental configuration for the high-pressure permeation cell used 
to measure single component permeation is illustrated in Figure 6-8. Figure 6-8 shows 
the permeation cell attached to the system side of the Wheatstone bridge assembly via 
an ON-OFF ball valve (V-1) (Swagelok). On the left side of the diagram, there are two 
gas cylinders (supply pressures 3 bar) attached and a three way switching valve (V-2), 
which is used to interchange between the different gases (Swagelok). The outlet of V-2 
is connected to a manual mass flow controller (Porter Instruments: max flowrate 60 
ml.min'), which is used to control the mass flowrate of the gas entering the permeation 
cell at the R-1 connection. A pressure gauge (Swagelok: max pressure 200 psi) is 
attached to the R-2 connection and back pressure regulator (Porter Instruments: max 
pressure 60 psi) is attached to the R-3 cormection. 
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Si §2 
1X3-
AiFC 
5" 
PressiM gauge BPR 
MFC = Mass Flow Controller (manual) 
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Figure 6-8: Schematic of the experimental setup of the permeation cell for the measurement of 
single component permeation using FRT 
A schematic of the experimental configuration for the high-pressure penneation cell 
used to measure binary component permeation is presented in Figure 6-9. Similar to the 
experimental setup for single component experiments, the experimental setup shows the 
permeation cell connected to the FRT apparatus via an ON/OFF ball valve (V-1). 
However, the fundamental difference is the design at the R-1 connection. For binary 
permeation experiments, it is necessary to use electronic mass flow controllers 
(Aalborg) for each gas cylinder (supply pressure 3 bar) to ensure accurate measurement 
of gas mixtures across the full composition range. Furthermore, a three-way switching 
valve is not used in the experimental setup. The specification of the components at the 
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R-2 and R-3 connections is the same as the experimental configuration for the 
measurement of single component permeation. 
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Figure 6-9: Schematic of the experimental setup of the permeation cell for the measurement of 
binary component permeation using FRT 
6.2.3. Experimental procedure 
6.2.3.1. Flux Response Technology 
Presented herein is the experimental procedure for the single and binary component 
permeability experiments using Flux Response Technology. The main aspects of the 
experimental procedure are: 
i. Sealing the permeation cell: Secure sealing of the permeation cell is paramount 
to ensure effective separation between the retentate and permeate gases. When 
the membrane is placed inside the permeation cell, the permeation cell must be 
closed by equally tightening the four bolt fittings using successive 1/4 turns to 
ensure a constant pressure distribution on the o-rings and rubber seal inside the 
permeation cell. The sealing of the permeation cell should be carried out with 
the V-1 valve in the OFF position to prevent the flow of carrier gas from the 
FRT apparatus to the permeation cell. 
ii. Setting the flowrate of the test gas and partial pressure of the permeation 
cell: The test gas (single component or binary component) is supplied to the 
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permeation cell via a mass flow controller (MFC), which can be set to a 
maximum flowrate of 60 ml.min'. The composition of the gas mixture for 
binary component permeation is adjusted by the use of electronic mass flow 
controllers and the back pressure regulator (BPR) is used to control the partial 
pressure of the test gas in the permeation cell to a maximum of 4 bar. 
iii. Testing for leakages and pressure drop in the experimental setup: It is 
important to test for leakages and minimise the pressure drop between the FRT 
apparatus and the permeation cell. Therefore, a preliminary test must be carried 
out to test for leakages in the apparatus, which involves monitoring the baseline 
signal on the flux response profile before and after opening the ON-OFF ball 
valve. A change in baseline indicates a leak in the system caused by inadequate 
sealing of the permeation cell because FRT is very sensitive to detecting sealing 
leakages. 
IV. Reference experiment - A reference experiment is undertaken on the FRT 
system by carrying out a step perturbation using the perturbation switching valve 
(V-2). In order to simplify the data analysis, the same composition of carrier and 
perturbation gases are used. Hence, the FRT apparatus only measures a change 
in pressure caused by a perturbation of test gas and the viscosity effect is 
eliminated. 
Accumulation experiment - An accumulation experiment involves turning the 
V-1 valve into the OFF position to collect the permeate for a specified time. 
Once the specified time has elapsed, the V-1 valve is turned to the ON position 
to inject the permeate into the FRT apparatus, which causes a near instantaneous 
peak on the accumulation profile. 
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6.2,3,2. Transpor t M e c h a n i s m 
The permeability coefficient, P, allows the comparison of membranes independent of 
membrane thickness, membrane cross sectional area, and difference in partial pressure. 
Thus, the permeability coefficient is a material specific property unless the flux across 
the membrane modifies the material in some way (e.g. plasticisation). The theoretical 
basis for this equation is the solution diffusion mechanism, which has been detailed in 
section 2.2.2.1 in Chapter 2. The permeability coefficient is defined by equation 6-6, 
where J is the flux across the membrane (mol/s), I is the membrane thickness (nm), 
Am is the membrane cross sectional area (m^) and AP is the partial pressure difference 
(bar). 
P=. J' 
6.2.4. Mater ia l Character i sat ion M e t h o d s 
Before commencing permeability experiments for food packaging films, material 
characterisation methods were employed to determine the unknown structure and 
composition of the membranes. 
6.2.4.1. Scanning Electron Microscopy ( S E M ) 
SEM characterisation was performed with a Hitachi TM-1000 Tabletop Microscope to 
analyse the membrane thickness and surface of the food packaging films. The 
microscope works by finely scanning a focussed beam of electrons onto a specimen in a 
precise rectangular pattern. The electron beam travels to the specimen at a voltage 
ranging from 0.1 kVto'iO kV. 
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6.2.4.2. Optical Prof i ler 
Due to unforeseen operational issues with the SEM spectrometer, the membrane 
thickness of the S-1 membrane was measured using a Veeco Wyko NT9100 Optical 
Profiler. An optical profiler uses coherence scanning interferometry to measure the 
geometry of a surface at high resolution. 
6.2.4.3. Infrared Spectroscopy (IR) 
A FT-IR spectrometer Spectrum 100 manufactured by Perkin Elmer was used to carry 
out ATR-IR spectroscopy to identify the structure of the polymeric membrane. Infrared 
(IR) spectroscopy measures the absorption spectrum of a sample in the infrared region 
of the electromagnetic spectrum, which provides an insight into the molecular structure 
of a sample. IR spectroscopy works by providing photon energies to the sample, which 
induce vibrational excitement of covalently bonded bonds atoms and groups. 
6.2.4.4. Dif ferent ia l Scanning Calor imetry (DSC) 
DSC analysis was used to determine the glass transition temperature of a polymer, 
which is defined as the change in heat capacity of a polymer as it transforms from a 
glass state to a rubber state. The measurements were carried out using a DSC Q2000 
system manufactured by TA Instruments (UK). The samples were prepared by cutting a 
small segment from the membrane, which was pressed into an aluminium pan and 
sealed with an aluminium lid. The average masses of the samples were approximately 5 
mg. The reference sample was an empty pan. 
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6.3. Results and Discussion for the Proton Exchange Membranes 
6.3.1. M e a s u r e m e n t of H y d r o g e n Crossover across Proton E x c h a n g e 
M e m b r a n e Electrolytes used for Fuel Cell Appl icat ions 
In order to investigate the first objective, the onUne permeabihty method (see Figure 
6-4) using the configuration for single component permeation (see Figure 6-8) was used 
to quantify the low-level hydrogen crossover across commercial proton exchange 
membrane electrolytes. All experiments involved the use of argon as a carrier gas and 
hydrogen as a perturbation gas. 
A preliminary experiment was carried out to test the sealing of the permeation cell, 
which involved using a stainless steel sheet of thickness 0.14 mm to act as impermeable 
membrane. The stainless sheet was sealed inside the permeation cell with the V-1 valve 
in the OFF position using the procedure discussed in section 6.2.3. Following this, the 
permeation cell was set to a pressure of 4 bar using the BPR. The V-1 valve was turned 
to the ON position and baseline signal remained at a constant value, which indicates no 
leak between the FRT apparatus and the permeation cell. The stainless steel sheet was 
allowed to equilibrate with the FRT apparatus for 30 min. Subsequently, a hydrogen 
accumulation experiment was carried out by closing the V-1 valve for 60 min. After 60 
min, the V-1 valve was turned to the ON position to inject the permeate into the FRT 
apparatus and no accumulation peak was observed, which indicates sufficient separation 
between the retentate and permeate in the permeation cell. Another preliminary 
experiment was carried out to establish a suitable range for the accumulation times for 
the delayed perturbations of hydrogen into the FRT apparatus. By investigating 
accumulation times ranging from 1 min to 120 min, it was found that accumulation 
times ranging from 10 min to 30 min provided sufficiently sized accumulation peaks, 
which were significantly larger than the thermal noise level of the baseline signal. It was 
also observed that the DPT could not detect the viscosity effect caused by the delayed 
perturbation of hydrogen because the flux of hydrogen was very small compared to the 
flowrate of argon in the system line. Hence, this simplifies the data analysis. 
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Drawing on the resuhs from the preliminary experiments, online permeability 
experiments were used to investigate the hydrogen permeability of proton exchange 
membrane electrolytes using accumulation times of 10 min, 30 min, and 60 min and 
partial pressures of 2 bar and 4 bar. All experiments were repeated three times to 
investigate the repeatability of the online permeability method and an error analysis was 
carried out. 
6.3.1.1. Accumula t ion Prof i les 
Figure 6-10 presents the averaged accumulation profiles for Nafion® 117, Nation® 115, 
Nafion® NRE 212 at 4 bar. The accumulation profiles for fumapem® F-950, and 
fumapem® F-1050, the reference experiments and the calibration curves are summarised 
in Appendix G. 
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Figure 6-10: Averaged accumulation profiles for Nafion 117, Nafion 115, and Nafion NRE 212 
at 4 bar and accumulation times of 10 min, 30 min, and 60 min 
When analysing Figure 6-10, it can be observed that Nafion 212 NRE apparently 
exhibits the lowest hydrogen crossover compared to the other Nafion® membranes. For 
instance, at an accumulation time of 10 min, the signal response of Nafion® NRE 212 
was 0.075 V, whereas the signal response was 0.4 Ffor Nafion® 117 and Nafion® 115. 
Another observation is the similarity between the accumulation peaks for Nafion® 117 
and Nafion® 115. For example, at an accumulation time of 60 min, the signal responses 
for Nafion® 117 and Nafion® 115 were approximately 2.2 V. Although the signal 
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response of the accumulation peaks provide an insight into hydrogen crossover across 
the membranes, the areas underneath the accumulation peaks must be evaluated to 
determine hydrogen permeability coefficient. A final observation is that a minority of 
the accumulation profiles exhibited a noisy baseline signal, which can be attributed to 
thermal noise effects caused by small changes in atmospheric conditions such as turning 
on/off the air conditioning system in the laboratory. However, these thermal effects did 
not significantly affect the data analysis. 
6.3.1.2. F lux Prof i les 
The first set of analyses calculates the areas underneath the accumulation peaks by 
integration to determine the flux across the membranes using curve-fitting software (e.g. 
Curve Expert 1.3). The analytical method involves the use of tension splines, which 
interpolates the shape of the accumulation peaks. The concept of tension splines is 
outlined in Appendix B. In Appendix H, Table 1 presents the calculated areas of the 
accumulation peaks for proton exchange membranes electrolytes. In order to investigate 
the repeatability of technique, each experiment was carried out three times and the 
relative standard derivation was determined. When analysing the relative standard 
derivation, it can be deduced that the experimental results show satisfactory 
repeatability because the relative standard derivation ranged from 1.63 % to 36.44 %. 
The second set of analyses investigates the effect of time-lag of diffusion, which is 
defined as the period required for the permeate to establish a linear concentration 
gradient across the membrane (Shah, 1993). The effect of time-lag can be determined 
by plotting the number of moles produced by the permeation against the accumulation 
time. In order to analyse the effect of time-lag of diffusion. Figure 6-11 presents the flux 
proflle for Nafion® 115 at 4 bar. Analysis of Figure 6-11 reveals that there is no effect 
of time of diffusion because the gradient of the line passes through the origin. 
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Figure 6-11: Flux profile for Nafion 115 at 4 bar for accumulation times of 10 min, 30 min, and 90 
min. Error bars represent the standard error for three experiments 
6.3.1.3. Permeabi l i ty Prof i les 
Permeability profiles provide a visual representation of the permeability coefficient 
against accumulation time. When theoretically considering the equation for the 
permeability coefficient, the permeability profiles should be straight horizontal line 
because the permeability coefficient is independent of partial pressure, membrane 
thickness, and membrane cross sectional area. Figures 6-12, 6-13, 6-14, 6-15, and 6-16 
present the permeability profiles for each membrane. Each point represents the mean of 
three experiments with corresponding error bars. Error bars represent the mean valve of 
the data and the distribution of data, which is termed the standard error as given in 
equation 6-7. 
6-7 
-Jn 
Where, SE is the standard error of the mean, 5 is the sample standard deviation, and n is 
the size of the sample. 
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Figure 6-14: Permeability profile for Nafion NRE 212 for accumulation times of 10 min, 30 min, 
and 60 min. Error bars represent the standard error for three experiments 
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Figure 6-16: Permeability profiles for fumapem F-1050 for accumulation times of 10 min, 30 min, 
and 60 min. Error bars represent the standard error for three experiments 
Generally, the permeability profiles show no effect of partial pressure, which is in 
accordance with the governing equation for the permeability coefficient given in 
equation 6-6. However, determination of permeability coefficients for fumapem® F-950 
at partial pressures of 2 bar and 4 bar revealed there was a difference of 55 %. This 
difference is attributed to the inadvertent effect of the experimental procedure involving 
consecutive hydrogen permeation experiments at partial pressures of 2 bar followed by 
4 bar. Because the fumapem® F-950 membrane was subjected to increased drying, the 
permeation of hydrogen decreased. When analysing the standard errors, it can be 
observed that the permeability profiles for Nation® NRE 212 and fumapem® F-950 
were prone to large standard errors at accumulation time of 30 min and 10 min 
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respectively. The large standard error at the shorter accumulation times may be 
attributed to the greater impact of experimental errors on short experiments. Potential 
experimental errors include the smaller size of the accumulation peaks and human errors 
such as the timing of the experiment. 
Figure 6-17 presents a bar chart for the comparison of the hydrogen permeability 
coefficients for the proton exchange membrane electrolytes as determined by FRT. Note 
that hydrogen permeability coefficients are expressed in barrer units and 1 barrer = 
3.348 x 10"^ ^ kmol m.m'^.s'\Pd^ in SI units. 
18.29 ±2.27 
15.03 ± 1.37 
0.764 ±0.076 1-21 ±0.13 0.356 ± 0.047 
fumapem Nation NRE fumapem Nafion 115 Nafion 117 
1050 212 950 
Figure 6-17: Comparison of the hydrogen permeability coefficient for the fuel cell membranes 
A key conclusion is that the fumapem F-1050 membrane exhibits the lowest hydrogen 
permeability coefficient at 0.356 barrer and Nafion® 117 exhibits the highest 
permeability coefficient at 18.29 barrer. This is an interesting observation because 
FumaTech membranes are a new entrant into the PEM fuel cell market and it exhibits 
lower hydrogen crossover than the market leading Nafion® membranes manufactured 
by DuPont^'^ (Mauritz and Moore, 2004). In the broader context, it is also important to 
compare the proton conductivity of the proton exchange membranes. Other studies have 
reported that the proton conductivities of Nafion NRE 212 and fumapem 1050 are 0.011 
S.cm' (Fuller et al, 2008) and 0.08 S.crn' (FuMA-Tech, 2010), respectively. 
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In order to verify the accuracy of FRT for the measurement of hydrogen crossover 
across proton exchange membranes, it is necessary to compare other permeabihty 
measurement methods. Some studies have measured hydrogen crossover across dry 
Nafion® 117 using the time-lag technique, gas chromatography, and in situ 
electrochemical methods, which are summarised in Table 6-1. It is encouraging to 
compare the permeability coefficient for Nafion® 117. For instance, the work of Choiu 
and Paul (1985) investigate the hydrogen permeability coefficient of dry Nafion® 117 
using the time-lag method, where they dried the membrane in a vacuum oven at room 
temperature for five days. They report a hydrogen permeability coefficient for dry 
Nafion® 117 of 8.95 barrer. Typically, Nafion® 117 has a water content of 5% 
according to the material safety data sheet (DuPonf^^ Nafion® PFSA Membranes). 
Consequently, due to the hygroscopic nature of Nafion® membranes, a slightly higher 
permeability coefficient would be expected because the membranes used in this study 
were not subjected to drying. 
Table 6-1: Comparison of the hydrogen permeability coefficients for Nafion® 117 
Reference Method Experimental p ( j j ) barrer 
Conditions ' 
This study F^T Dry Nafion® - room 
temperature 
(Chiou and Paul, 1988) Time lag method Vacuum oven dried for 6 8.95 
days 
(Ekdunge and Broka, 1997) Gas chromatography ~ 8.95 
(Yang etal., 2006) /»>«» etectrochemical wetNafion* 44.77 
When refiecting on the strengths and weaknesses of the experimental study, it is 
important to acknowledge that water management plays an important role in the 
operation of a PEM fiiel cell. In reality, a PEM fiiel cell can only operate when the 
membrane is fully saturated. However, the presented experiments were carried out on 
dry fuel cell membranes. The primary reason for measuring dry fuel cell membranes 
was to establish the viability and accuracy of the FRT technique. It is asserted that the 
experimental results show that FRT is an accurate and simple method for the 
measurement of hydrogen permeabilities of proton exchange membrane electrolytes. 
Incorporation of water management into the experimental setup is relatively simple 
because the main components are two distinctly separate entities (the FRT apparatus 
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and the high-pressure permeation cell), which are linked by one pneumatic connection. 
By integrating a saturation unit into the experimental configuration of the permeation 
cell, pre-adjusted water contents and vapour pressures can be realised. Consequently, 
future experiments could be carried out under realistic operating conditions of a PEM 
fuel cell. Another interesting modification would be to couple a fuel cell system to the 
FRT apparatus. This experimental setup would allow measurement of direct crossover 
of fuel and oxidant. 
6.3.2. Determinat ion of B inary Permeat ion of CO2/H2 across N a f i o n ® 117 
us ing F R T 
In order to investigate the second objective, the online permeability method (see Figure 
6-3) for the measurement of binary component permeation (see Figure 6-9) was used to 
determine the permeation of different CO2/H2 gas mixtures (see Figure 6-9) across 
Nafion® 117. Binary permeation experiments were carried out at different mole 
fractions of CO2 in H2 using accumulation times ranging form 2 min to 15 min and total 
pressures of 2 bar and 4 bar. Each experiment was repeated three times to investigate 
the repeatability of the FRT technique. 
6.3.2.1. A c c u m u l a t i o n Prof i les 
Figure 6-18 presents the accumulation profile for pure CO2 permeation across Nafion® 
117 at accumulation times of 2 min and a partial pressure of 4 bar. This graph shows the 
occurrence of an additional effect, which is termed the transient flux as highlighted in 
Figure 6-18. When the V-1 value is turned to the OFF position to accumulate the 
permeate gas, the DPT detects a reduction in pressure attributed to the transient flux of 
CO2 across Nafion® 117. The detection of transient flux of CO2 indicates that the FRT 
apparatus carried out in situ measurement of very small transient fluxes of CO2 across 
Nafion® 117. 
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Figure 6-18: Accumulation profile for the pure CO2 permeation at 4 bar across Nafion 117 for an 
accumulation time of 2 min 
6.3.2.2. F lux Prof i les 
In order to extract the flux of permeate across the membrane for a given accumulation 
time, the areas underneath the accumulation peaks are determined and results are 
presented in Appendix H (see Table 2). When analysing the relative standard derivation 
of the areas underneath the accumulation peaks, it is concluded that experiments 
measured at partial pressure of 4 bar exhibit a higher repeatability compared to 
experiments measured at partial pressure of 2 bar because the relative standard 
derivation is smaller. 
Figure 6-19 presents a graph of the number of moles accumulated against accumulation 
time for pure CO2, which can be used to investigate the effect of time-lag of diffusion. 
Analysis of Figure 6-19 reveals the occurrence of effect of time-lag for pure CO2, which 
is indicated by the interception of the extrapolated line with the x-axis. When analysing 
the other compositions, it can be concluded that the effect of time-lag is negligible. 
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Figure 6-19: Flux profile for pure CO] permeation at 4 bar across Nafion® 117 for accumulation 
times of 2 min, 4 min, and 6 min. Error bars represent the standard error for three experiments 
6.3.2.3. Permeabi l i ty Prof i les 
Figure 6-20 and 6-21 present the permeability profiles for different mole fractions of 
CO2 in H2 at total pressures of 2 bar and 4 bar, respectively. A key observation is that 
the permeability coefficient of the gas mixtures of CO2 in H2 increases with increasing 
concentration of COg. One possible explanation for the increasing permeability 
coefficient with increasing mole fraction of CO2/H2 is the high solubility of CO2, which 
becomes the key driving force for the permeation process at higher concentration of 
CO2. This is because the CO2 condenses into the polymer matrix causing strong 
interactions (swelling of the polymer); hence, increasing the permeation of the gas 
mixture. Another observation is that the results show high repeatability because the 
average percentage standard errors for experiments measured at 2 bar and 4 bar were 
8.4 % and 4.7 %. Table 6-2 summarises the values of the permeability coefficients for 
different mole fractions of CO2 in H2 at total pressures of 2 bar and 4 bar and Figure 
6-22 presents the corresponding permeability-composition profile. 
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Figure 6-20: Permeability profiles for the binary permeation of CO2/H2 mixtures across Nafion 117 
at partial pressures of 2 bar for accumulation times of 2 min, 4 min, and 6 min. Error bars 
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Figure 6-21: Permeability profiles for the binary permeation of CO2/H2 mixtures across Nafion 117 
at partial pressures of 4 bar for accumulation times of 2 min, 4 min, and 6 min. Error bars 
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Table 6-2: Permeability coefficients (barrer) of the binary mixtures of CO2/H2 at 2 and 4 bar 
Mole fraction of CO2 in H2 2 bar 4 bar 
0 
0.2 
0.4 
0.6 
0.8 
1 
19.12 
3542 
3&2I 
53.58 
17.43 
25.97 
29.44 
45.53 
99.92 
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Figure 6-22: Permeability-composition profile of the binary permeation of CO2/H2 mixtures across 
Nafion 117 
In reference to Figure 6-22, the most prominent observation is the divergent effect 
between the permeabiUty coefficients measured at 2 bar and 4 bar as the amount of CO2 
increases. The difference between the permeability coefficients is particularly 
pronounced with pure CO2. By analysing the permeability coefficient, it can be inferred 
that the CO2 increasingly acts as a plasticiser for the proton exchange membrane at the 
elevated pressure of 4 bar. The diffusion of CO2 into the membrane causes swelling of 
the polymer matrix of Nafion® 117 due to the interaction between the chain units and 
the CO2 gas molecules. Swelling of the polymer matrix enlarges the free volume of the 
chain packing, which increases the permeation of CO2. Moreover, the diffusion of CO2 
causes a reduction in the glass transition temperature of the polymer resulting in an 
extension of the temperature range for rubbery behaviour. The plasticisation effects of 
CO2 on polymeric membranes have been well reported in several academic studies. 
Some of these studies explain that the main adverse effect of plasticisation for gas 
separation membranes is the significant reduction in performance and the loss of 
selectivity (Bos et al., 1998, Handa et al., 1996). 
As previously mentioned, the accumulation profile for pure CO2 permeation at total 
pressure of 4 bar across Nafion 117 showed the occurrence of an additional effect 
referred to as the transient flux. The transient flux can be used to determine the 
permeability coefficient of pure CO2 across Nafion® 117 because, theoretically, the area 
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of the transient flux should be equivalent to the area underneath the accumulation peak. 
By calculating the permeability coefficient of CO2 using the areas of the transient flux 
and underneath the accumulation peak, it was found that the permeability coefficient of 
CO2 were 56.9 barrer and 99.9 barrer respectively. Analysis reveals that there is a 54.8 
% difference between the CO2 permeability calculated using areas for the transient flux 
and the accumulation peak. The large percentage difference can be attributed to the use 
of the very small areas for the transient flux, which were in the range of the baseline 
signal of the apparatus. Hence, the data analysis was subject to greater experimental 
errors such as the effects of thermal noise. Consequently, further experiments would 
need to be undertaken to investigate the determination of membrane permeabilities 
using the transient flux areas. These experiments would need to be carried out at higher 
partial pressures of the test gases (i.e. above 4 bar). 
6 .4 . R e s u l t s a n d D i s c u s s i o n f o r F o o d P a c k a g i n g F i l m s 
6.4.1. Mater ia l Character i sat ion of Food Packag ing Fi lms 
The final objective was to investigate oxygen and argon permeabilities across food 
packaging films. Firstly, material characterisation techniques were used to determine the 
structure and composition of the food packaging films. Figures 6-23, 6-24, 6-25, and 6-
26 present the SEM images for the CF-1 membrane at an accelerating voltage of 1.5 kV 
and magnifications of lOOOX and 1200X. By using the SEM images, it can be 
determined that the average thickness for CF-1 is 9.26 [xm. Figure 6-26 shows the SEM 
image for the S-2 membrane at an accelerating voltage of 1.5 kV and a magnification of 
200X. It can be deduced that the membrane thickness for the S-2 membrane is 77.3 fim. 
Due to depressurisation in the electron chamber in the scanning electron microscope, 
there were difficulties associated with maintaining an upright position for the S-1 
membrane. Therefore, the membrane thickness for the S-1 membrane was determined 
using an optical profiler. Figure 6-27 shows the optical profile for the S-1 membrane. 
By using the 2 point profile (see Figure 6-27) of the membrane, it can be determined 
that the membrane thickness is 32.4 nm. 
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Figure 6-23: SEM image of Baco Cling Film 
with an accelerating voltage 15 kV 
(Magnification 1200X) 
Figure 6-24: SEM image of Baco Cling Film with 
an accelerating voltage of 15 kV (Magnification 
lOOOX) 
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Figure 6-25: SEM image of the surface of the 
Baco Cling Film 
Figure 6-26:SEM image of Tesco's Italian Style 
Salad packaging with an accelerating voltage of 
15 kV (Magnification 200X) 
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Figure 6-27: Optical profile of the S-1 membrane 
Figure 6-28 presents the infrared spectrum for the CF-1 membrane. The spectrum shows 
that there is a significant match between the CF-1 sample and polycaprolactone. Figure 
6-29 presents the DSC curve for the CF-1 membrane. When analysing Figure 6-29, it 
can be deduced that, the sample does not exhibit a glass transition temperature in the 
temperature range of -100 to 90 "C. Furthermore, the DSC curve implies that the 
melting point of the material is greater than 90 "C because a peak does not occur within 
the temperature range. 
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Figure 6-32: IR spectrum for S-2 membrane Figure 6-33: DSC analysis for S-2 membrane 
The IR spectrum indicates a strong correlation with polycaprolactone, which has a 
melting of 60 °C, whereas the DSC curve shows the melting point of the CF-1 sample is 
in excess of 90 °C. One possible explanation is that CF-1 film is a co-polymer blend. 
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which contains additional materials such as polyvinylchloride (PVC) or low density 
polyethylene, which have melting points of 80 °C and 120 °C respectively. 
Figure 6-30 presents the IR spectrum for the S-1 membrane. The IR spectrum for the S-
1 membrane shows a close correlation with the spectrum for isotactic polypropylene. In 
reference to the DSC analysis of the S-1 membrane presented in Figure 6-30, the first 
melting curve of the polymer illustrates that the melting point is 147.9 °C and the 
second melting curve shows that melting point is 152.2 °C. Figure 6-32 presents the IR 
spectrum for the S-2 membrane. Similarly, the IR spectrum for the S-2 membrane 
demonstrates a close match with isotactic polypropylene. Figure 6-33 presents the DSC 
curve for the S-2 membrane, where the first melting point curve illustrates that the 
melting point of the material is 141.9 °C. The melting point of isotactic polypropylene is 
160 °C (Khafagy, 2006). Taking into consideration the melting points of S-1 and S-2 
polymers measured using DSC, it can be concluded that the samples may contain other 
polymer blends. 
Drawing on experimental results, the main component of the S-1 and S-2 membranes 
was isotactic polypropylene. Their respective IR spectra (see Figure 6-30 and Figure 
6-32) indicate the presence of branched polymer chains. The IR spectrum for the CF-1 
membrane also exhibited branched chains to a lesser extent. The branched polymer 
chains reduce the molecular packing density of the polymer material. The mobility of 
polymer chains is a dynamic effect that highly influences the diffusion coefficient. 
Therefore, it is important to consider the thermal motion of the polymer chains in the 
membrane materials. The DSC analysis of the membrane materials shows that the FRT 
permeability experiments were carried out below the glass transition temperatures. 
Consequently, it can be concluded that the thermal motion of the polymer chain is 
limited. The restricted thermal motion of the polymer chains enables low gas 
permeation rates. 
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6.4.2. M e a s u r e m e n t of O x y g e n and Argon Permeabi l i t ies of Food 
P a c k a g i n g Fi lms 
6.4.2.1. Accumula t ion and F lux Prof i les 
Permeability experiments were carried out within an accumulation time range of 1 min 
to 7 min and multiple experiments were undertaken to evaluate the repeatability of the 
FRT method. Figure 6-34 presents an example of the flux response profiles for the S-1 
membrane. The graphs exhibit the characteristic features of the expected accumulation 
profile. In Appendix H, Table 3 presents the areas underneath the accumulation peaks 
for the S-1, S-2 and CF-1 membranes. When analysing the standard derivation in the 
data, it can concluded that the FRT technique offers reasonable repeatability because the 
relative standard deviation ranged from 0.02 % to 19.4 %. By plotting the number of 
moles produced via accumulation against the accumulation time, the effect of time-lag 
can be determined. Figure 6-35 shows a typical example of such a profile. When 
analysing the profile, the gradient of the line passes closely through the origin on the y-
axis. Therefore, the effect of time-lag is insignificant. 
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Figure 6-34: Accumulation profile of the S-1 membrane for the measuring argon permeability 
using accumulation times of 3, 5, and 7 min at 3 bar 
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Figure 6-35: Flux profile for the argon permeability of the S-1 membrane at 3 bar 
6.4.2.2. Permeabi l i ty Prof i les 
Figure 6-36 and 6-37 show the permeabihty profiles for the oxygen and argon 
permeabilities of CF-1 and S-1 membranes. In reference to the permeability profile for 
the CF-1 and S-1 membranes, the graphs illustrate that oxygen and argon permeability 
coefficients gradually approach a baseline as the accumulation time increases. At the 
shortest accumulation time, both membranes report higher oxygen and argon 
permeabilities. Theoretically, the permeability coefficients should be independent of 
accumulation time. Therefore, it can be deduced that the experimental procedure might 
be affecting the accuracy of the data. The experimental procedure involved 
accumulating the permeate gas before making pulse injection into the FRT apparatus. 
These experiments were carried out with short accumulation times in a time range of 1 
min to 7 min. Subsequently, the effect of experimental error has greater impact on 
shorter accumulation times. Potential effects of experimental error include timing of the 
accumulation experiment and determining the area underneath the accumulation peak. 
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Figure 6-37: Permeability profiles for the CF-1 membrane 
6.4.2.3. Transport M e c h a n i s m of Permeate Gas through the Packag ing 
Fi lms 
It is important to verify whether there are any pin-holes in the membrane which could 
influence the gas diffusion process because the occurrence of pin-holes could facilitate 
Knudsen diffusion. Knudsen diffusion occurs when the mean free path (>^) of the 
molecules is larger than the pore size of the membrane, which causes frequent 
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intermolecular collisions between the molecules and the pore wall. In order to determine 
whether Knudsen diffusion was prevailing, the ideal separation factor and the 
Knudsen diffusion separation factor are considered. These expressions are shown 
in equations 6-8 and 6-9 respectively. 
p 6-8 
-M 
^ 
M , 
In equations 6-8 and 6-9, and P^ are permeability coefficients of gases 1 and 2, and 
A/jand A^are the molecular weights of the gases 1 and 2. It can be assumed that 
Knudsen diffusion is the dominant transport mechanism when the ideal separation 
factor for two gases is equal to the Knudsen separation factor. Conversely, the solution 
diffusion mechanism maybe the principle transport mechanism when the separation 
factors are not equal. Table 6-3 presents the ideal separation factor and the Knudsen 
diffusion separation factor for the S-1 and CF-1 membranes using data for oxygen and 
argon. When using the oxygen and argon permeabilities data, it can be seen that the S-1 
membrane has an ideal separation and Knudsen diffusion separation factor of 1.65 and 
1.12, respectively. These results suggest that the solution-diffusion mechanism is the 
dominant transport mechanism because the values are not equal. Therefore, it can be 
asserted that the calculated permeability coefficients for the S-1 membrane are valid. 
Table 6-3: Ideal and Knudsen diffusion separation factors the food packaging materials 
Knudsen Diffusion 
Ideal Separation Factor Separation factor 
Material « = - K Q = 4 ^ " ' 
Sainsbury salad packaging (S-1) 1.38 1.12 
Baco Cling Film (CF-1) 0.94 1.12 
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The determination of the transport mechanism for the CF-1 membrane was inconclusive 
because the ideal separation factor and the Knudsen diffusion separation factor were 
0.94 and 1.12, respectively. There are two issues associated with the analysis. Firstly, 
the ideal separation factor is subject to a significant experimental error of ± 0.28, which 
represents approximately 24 % of the calculated valve. Secondly, the molecular weights 
of oxygen (32 g.mol'^) and argon (40 g.mol'') are very close in value, which impacts on 
the Knudsen diffusion analysis. At this point, it is worth referring to the SEM image for 
the CF-1 membrane (see Figure 6-25). Figure 6-25 shows the presence of tiny 
micropores on the surface of the membrane. However, without fiirther experimentation, 
involving the replacement of argon with a lighter gas such as hydrogen (2 g.mol'^) or 
helium (4 g.moT'), it is difficult to deduce the dominant transport mechanism. 
6.4.2.4. Comparison between FRT and other Characterisation Methods 
used for Membrane Processes 
Table 6-4 compares the oxygen permeability coefficients for isotactic polypropylene 
and polycaprolactone. It can be observed that the results obtained from this study 
corroborate the data reported in other studies. One interesting observation is that the 
oxygen permeability for the S-1 membrane (0.282 ± 0.012 barrer) agrees with the 
oxygen permeability obtained by Gajdos et al. (0.107 barrer), whereas the oxygen 
permeability for the S-2 membrane (0.962 ± 0.160 barrer) correlates the oxygen 
permeability obtained by Gholizadeh et al. (0.910 barrer). Due to the similarity 
between the results, it can be concluded that FRT can be used as quick and simple 
screening method to determine gas permeabilities of polymeric membranes. 
Table 6-4: Comparison of the permeability coefficients for food packaging films 
Reference Method Material P (0%) barrer 
~ S4 FRT PP 0.282 ±0.012 
S-2 FRT PP 0.962 ±0.160 
CF-1 FRT PCL 1.289 ±0.037 
(Gajdos et al., 2000) Manometric PP 0.107 
(Gholizadeh et al., 2007) ASTMD1434 PP 0.910 
Wang et al., (1999) Low Vacuum PCL 0.968 
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Chapter 7: Measurement of 
oxygen permeabilities of 
soft contact lenses 
Contact lenses are optical devices, which are used to correct vision deficiencies such as 
nearsightedness (myopia), farsightedness (hyperopia), astigmatism, and colour 
blindness (Lai et al, 2000). Research and development into contact lenses is driven by 
the need to develop materials with improved oxygen permeabilities, increased resistance 
to deposits, and better comfort for the wearer. In order to maintain the health of the 
cornea, contact lenses must allow sufficient oxygen permeation to uphold its clinical 
performance. Insufficient oxygen permeation into the cornea significantly increases the 
probability of eye infections and cornea edema, which is a condition that causes the eye 
to become overly hydrated. 
In Chapter 7, the design and development of a modified FRT apparatus for the 
measurement of oxygen permeabilities of contact lenses using a custom-made 
permeation cell is investigated. In the first section, the experimental approach and the 
design of the contact lens permeation cell are discussed. In the second section, the 
materials and methods are elucidated. In the final section, the results and discussion are 
presented. 
7.1 . F l u x R e s p o n s e T e c h n o l o g y f o r t h e M e a s u r e m e n t o f O x y g e n 
p e r m e a b i l i t i e s o f S o f t C o n t a c t L e n s e s 
Flux Response Technology has been investigated for the measurement of oxygen 
permeability of soft contact lenses using a custom-made permeation cell. When 
measuring gas permeabilities of polymeric membranes using FRT, the key experimental 
configurations are the in situ method and the online method, which have been 
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previously discussed in section 6.1 in Chapter 6. Similar to the measurement of gas 
permeabilities of polymeric membranes (see Chapter 6), the key experimental approach 
is the use of the online method due to limited sensitivity of the differential pressure 
transducer (DPT) of 1 V per ± 1 0 mmH20. The online method involves the use of 
delayed accumulation of permeate gas in the permeation cell before injecting into the 
FRT apparatus. A schematic of the experimental setup for the measurement of oxygen 
permeabilities using the online configuration is illustrated in Figure 7-1. In reference to 
Figure 7-1, the permeation cell is attached to the system side of the Wheatstone bridge 
via an ON/OFF valve (V-1). The V-1 valve is used to make pulse perturbations of 
permeate gases into the apparatus. 
Delay lines 
Chokes 
[XI 
MFC 
Gas out Gas m / 
Modified 3 
port valve BPR 
MFC = Mass Flow Controller 
BPR = Back Pressure Regulator 
DPT = Differential Pressure Transducer 
Figure 7-1: A schematic of the online method used to measure the oxygen permeability of contact 
lenses 
7.1.1. Des ign and Construct ion of the Permeat ion Cell 
The development of the permeation cell involved the consideration of several design 
objectives, which included: 
• The internal component used to support the contact lens inside the permeation cell 
must replicate the shape of an eye cornea without distorting the original shape of the 
material. 
• The sealing of the permeation cell must prevent interaction between the retentate 
and permeate gases. 
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• The permeation cell should have an exterior body with minimal excess material 
because the compact design will reduce the manufacturing cost and weight of the 
device. 
• The permeation cell must cope with a maximum operating pressure of 2 bar. 
• Minimal internal volume to reduce required accumulation time and thus maximise 
the sensitivity of the cell. 
Taking into consideration these design objectives, Figure 7-2 presents a photograph of 
the prototype contact lens permeation cell consisting of a clamp section, a main body, 
and a securing ring, which are fabricated from brass as opposed to stainless steel to 
minimise the cost of construction. 
Mam body 
\ 
Clamp 
section 
Securing ring 
Figure 7-2: Photographs of the contact lens permeation cell 
A schematic of the clamp section of the permeation cell is presented in Figure 7-3. The 
clamp section consists of a drilled borehole at the top of the component with a 5/16 in 
tap, which is used to attach the gas supply lines, the back pressure regulator (BPR), and 
the pressure gauge of the permeation cell. The clamp section plays an important role in 
the sealing of the permeation cell because it contains two o-rings, which are used to seal 
the test gas in the retentate side of the permeation cell. In order to accommodate the O-
rings, two grooves have been machined into the clamp section. The clamp section is 
attached to the main body of the permeation cell via four screws, whose holes are 
located on the outer body of the clamp section. 
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Figure 7-3: A schematic of the clamp section of the permeation cell 
A schematic of the main body of the permeation cell is presented in Figure 7-4. The 
main body acts to support the structure of the contact lens materials and to channel the 
direction of flow of the permeate gas. The transport of the permeate gas is aided by the 
funnel-type shape leading to the exit of the permeation cell, where a measurement 
technique such as a FRT or a mass spectrometer can be attached. In order to fit the 
shape of the contact lenses, a diffusion component is machined into the middle of the 
main body. Initially, the diffusion component was an aluminium frit fitting that had 
been machined to a hemispherical shape, however, machining of the aluminium frit 
caused blockages of the tiny channels leading to inadequate diffusion of the permeate 
gas. Consequently, a modified diffusion component was designed, which is presented in 
Figure 7-5. The modified diffrision component is a hemispherical-shaped brass fitting 
designed to duplicate the shape of the contact lens consisting of several micro channels. 
When a contact lens is placed onto the diffusion component, a securing ring (see Figure 
7-2 is used to seal the material. The securing ring is a small brass fitting with an internal 
circular cut-out, which contains a cut-out foam material. The interior circle defines the 
exposed surface area of the contact lens to the test gas. In addition, the cut-out foam 
helps to protect the surface of the contact lens from damage and minimises distortion. 
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Figure 7-4: A schematic of the main body of the permeation cell 
Figure 7-5: A schematic of the modified diffusion component of the permeation cell 
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7.2. Materials and Methods 
7.2.1. Experimental Setup 
The FRT apparatus used for the measurement of oxygen permeabilities of soft contact 
lenses is System 3, which has been described in section 3.4.2 in Chapter 3. System 3 
consists of a single stainless block for the Wheatstone bridge assembly and the 
differential pressure transducer (DPT) is located upstream of the permeation cell. 
Permeability experiments were carried out employing a carrier gas (argon) flowrate of 
20 ml.min' for both the system and reference sides of the Wheatstone bridge assembly. 
In reference to the permeation cell, a mass flow controller (Porter Instruments max. 
flowrate = 60 ml.min') was used to control the flowrate of the test gas into the 
permeation cell and a back pressure regulator (Porter Instruments max. pressure = 60 
psi) was used to control the total pressure of the test gas. In addition, a pressure gauge 
was used to monitor the pressure of the test gas in the permeation cell and all 
components were attached to the permeation cell via a 1/8 in cross union (Swagelok). 
7.2.2. Materials 
Precision UV contact lenses (monthly disposable) manufactured by CIBA Vision were 
used in the study and their specifications are presented in Table 7-1. These materials are 
classified as single vision soft contact lenses and the polymer membrane material is 
known as Vasurfilcon A. The contact lenses were stored out of direct sunlight. During 
experimentation, the contact lenses were inserted into the permeation cell using 
tweezers to avoid contamination from debris. 
Table 7-1: Specification of the contact lenses 
Sample Thickness (mm) Diameter (mm) Power 
S(O.OO) 0.14 14.4 0.00 
S(-1.25) 0.14 14.4 -1.25 
S(1.25) 0.14 14.4 +1.25 
S0L5O) 0.14 14.4 +4.50 
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7.3. Results and Discussion 
7.3.1. Determination of Oxygen Permeabilities across Contact Lenses using 
FRT 
By modifying the FRT apparatus using a contact lens permeation cell, oxygen 
permeabilities of soft contact lenses were investigated. The measurement of oxygen 
permeabilities of contact lenses using FRT is complicated by the shape and moisture 
content of the material. Consequently, the main objective is to carry out preliminary 
experiments to evaluate the design of the experimental configuration. Preliminary 
experiments were undertaken to establish a suitable range for the experimental variables 
such as the accumulation times and the total pressure of the feed gas in the permeation 
cell. In reference to the accumulation times, the preliminary experiments showed that a 
suitable range for the accumulation times is 3 min to 9 min. Each experiment was 
repeated three times to examine the repeatability of the FRT technique. 
7.3.2. Accumulation Profiles 
Figure 7-6 presents an accumulation profile for the S(O.OO) contact lens at oxygen total 
pressure of 1 bar and accumulation times of 3 min, 6 min and 9 min. When analysing 
Figure 7-6, it can be observed that the signal baseline exhibits substantial thermal noise 
effects. The noise effects are partially attributed to the introduction of moisture into the 
FRT apparatus because water management of the permeation cell was not incorporated 
into the experimental setup. Consequently, the sealing of the contact lens caused 
moisture permeation of vapour into the FRT apparatus, which adversely affected the 
stability of the baseline signal. Another problem contributing to the noise effects is 
small thermal fluctuations of the exposed pipework of the experimental apparatus. 
Thermal fluctuations can be caused by everyday activities in the laboratory such as 
operation of the overhead extraction units. 
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Figure 7-6: Accumulation profile for S(O.OO) at an oxygen total pressure of 1 bar for accumulation 
times of 3 min, 6 min, and 9 min 
By analysing the characteristics of the accumulation profile in Figure 7-6, it can be 
deduced that there a reasonable correlation with the expected accumulation profile (see 
Figure 6-5 in Chapter 6). In reference to Figure 7-6, very small accumulation peaks 
occur at an accumulation time of 3 min. It is acknowledged that the use of longer 
accumulation times would have improved the accuracy of the experimental data; 
however, shorter accumulation times were investigated to reduce problems associated 
with drying of the contact lens in the permeation cell. In order to quantify the oxygen 
flux across the contact lens, the areas underneath the accumulation peaks are integrated 
using curve fitting software (e.g. Curve Expert), which are summarised in Appendix I. 
When analysing the repeatability of the three experiments, it can be deduced that the 
experimental data showed considerable variation. For instance, the average relative 
standard deviation across all the samples was 27.74 %. 
The subsequent phase of the analysis was to examine the effect of time-lag by plotting 
the number of moles produced by the permeation against the accumulation time. Figure 
7-7 presents the flux profile for S(O.OO) contact lens and it can be observed that the 
effect of time-lag of diffusion is negligible because the line passes through the origin. 
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Figure 7-7: Flux profile for S(4.50) at an oxygen partial pressure of 1 bar for accumulation times of 
3 min, 6 min, and 9 min. Error bars represent the standard error for three experiments 
7.3.3. Permeability Profiles 
By calculating the permeability coefficient for a given accumulation time, a 
permeability profile can be constructed. In reference to the permeability profile, each 
point represents the mean of three experiments with corresponding error bars, which are 
termed the standard error. Figures 7-8, 7-9, 7-10, and 7-11 present the permeability 
profiles for all the samples used in the study. 
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Figure 7-8: Permeability profile for S(O.OO) at an oxygen partial pressure of 1 bar for accumulation 
times of 3 min, 6 min, and 9 min. Error bars represent the standard error for three experiments 
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Figure 7-9: Permeability profile for S(-1.25) at an oxygen partial pressure of 1 bar for accumulation 
times of 3 min, 6 min, and 9 min. Error bars represent the standard error for three experiments 
35 1 
^ 30 -
£ 
g 254 
l e . i 5 H 
(0 
0) 
g 10 -
(U 
5 -
0 
1.25 BC 
Overall oxygen permeability (Dl<) = 24.85 ± 6.45 
0 3 6 
Accumulation time (minj 
Figure 7-10: Permeability profile for S(1.25) at an oxygen partial pressure of 1 bar for 
accumulation times of 3 min, 6 min, and 9 min. Error bars represent the standard error for three 
experiments 
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Figure 7-11: Permeability profile for S(4.50) at an oxygen partial pressure of 1 bar for 
accumulation times of 3 min, 6 min, and 9 min. Error bars represent the standard error for three 
experiments 
When analysing the characteristics of the permeability profiles, the first general 
observation is that the permeability coefficient remains relatively constant as the 
accumulation time increases except for the S(-1.25) contact lens. The second general 
observation is that the experimental data show significant variance, which is indicated 
by the size of the error bars. The permeability profile for the S(-l .25) contact lens shows 
that the permeability coefficient gradually declines as the accumulation times increase. 
In addition, this sample reports a significantly higher oxygen permeability coefficient in 
comparison to the other samples. Several reasons can be offered to explain the 
difference between S(-1.25) and the other samples. One possibility is the occurrence of 
pinholes on the surface of the contact lens, which may have increased the oxygen 
permeation across the material. 
In order to evaluate the reliability of the FRT technique for the measurement of oxygen 
permeabilities across contact lenses, it is necessary to compare the experimental results 
with the data reported by the manufacturer. Table 7-2 presents a summary of the 
permeability coefficients from the FRT technique and the manufacturer for each sample 
alongside other data reported in the literature. 
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Table 7-2: Comparison of the oxygen permeability coefficients between the FRT technique and the 
manufacturer. Note that the conventional units of Dk is barrer 
Nominal oxygen 
permeability 
supplied by the 
Sample Lens Method manufacturer (Dk) 
Measured oxygen 
permeability 
using FRT (Dk) 
S(+0.00) 
S(-l.:25) 
S(+1.25) 
S(+4.50) 
FRT 
FRT 
FRT 
FRT 
38 
38 
38 
38 
23.87 ±3.94 
59.55 ±9.76 
24.85 ± 6.45 
31.05 ±2.35 
Sequence (Compan et al, 
199^ 
Electrochemical method 
using a Clark oxygen 
electrode 8.4 10.5 ±0 .4 
Sequence (Weissman et ai, 
1990, Weissman et al, 
1991) Polarographic method 8.4 9.0 
Newvue (Compan et al., 
19*0 
Electrochemical method 
using a Clark oxygen 
electrode 16 19.1 ±0 .4 
Newvue (Weissman et al., 
1990, Weissman et al., 
1991) Polarographic method 16 15 
Acuvue (Compan et al., 
1999) 
Electrochemical method 
using a Clark oxygen 
electrode 28 23.6 ±0 .4 
Acuvue (Weissman et al., 
1990, Weissman et al, 
1991) Polarographic method 28 18 
Biomedics® 38 
(Chhabra et al, 2007) Polarographic method 9 9 ± 1 
Biomedics® 55 
(Chhabra et al., 2007) Polarographic method 19.7 2 1 . 2 ± 2 
Pure Vision''''^ 
(Chhabra et al, 2007) Polarographic method 112 108 ± 5 
lotrafilcon A (Gonzalez-
Meijome et al, 2008) Polarographic method 140 155± 16 
balafilcon A (Gonzalez-
Meijome et al., 2008) Polarographic method 99 127± 12 
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The S(-1.25) contact lens reports a substantially higher oxygen permeability coefficient 
in comparison to the nominal data supplied by the manufacturer. Therefore, there is a 
high possibility of pinhole formation on the surface of the contact lens. In reference to 
S(O.OO), S(-1.25), and S(4.50) contact lenses, analysis of Table 7-2 reveals that the 
oxygen permeabilities for the FRT technique are slightly less than the manufacturer's 
data. This difference is due to the lack of water management of the contact lens in the 
permeation cell. The lack of water management has a major effect on the accuracy of 
the results. To illustrate the point, it is worth considering the work of Lai et ah, (2000). 
When discussing the importance of maintaining the moisture content of contact lenses, 
Lai et al., (2000) presents a graph of oxygen permeability against water content for a 
commercial contact lens, which is reprinted in Figure 7-12. The graph shows that the 
oxygen permeability increases with percentage water content. 
100 
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M lOQ 
Figure 7-12: Effect of water content on the oxygen permeability of soft contact lenses 
(Taken from Lai et al., 1993 ) 
Considering all the results, it can be concluded that FRT is potentially a viable method 
for the characterisation of oxygen permeabilities across contact lenses. However, major 
experimental issues will need to be addressed such as water management, periodic 
operational difficulties associated with the permeation cell, temperature control, design 
of the diffusion component, and modification to the FRT apparatus to enable the in situ 
measurement of oxygen permeabilities. These issues are discussed in turn. 
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• Water management 
In order to tackle the issue of water management of the permeation cell, it is 
recommended that a saturation unit be attached to experimental setup. A saturation unit 
attached to the gas supply lines of the permeation cell would allow effective control of 
the water partial pressure. When using a saturation unit, it is important that the DPT is 
located upstream of the permeation injection to protect its internal components. Future 
studies could be carried out to investigate the effect of oxygen permeation against water 
content of the contact lenses. These studies are particularly important for the 
development of new polymer materials for contact lenses. 
• Operational difficulties with the permeation cell 
Some problems were encountered with the operation of the permeation cell. During 
experimentation, there were occasions when the contact lens ruptured. This problem 
may be related to over-pressurisation of the permeation cell and inadequate sealing. 
Experimental modifications should be undertaken to improve the sealing mechanism by 
increasing the depth of the ridge in the main body as indicated in Figure 7-13. 
Main body 
Ridge 
Figure 7-13: Photograph of the main body indicating the ridge used in the sealing mechanism 
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• Temperature control 
Another experimental modification is the incorporation of a temperature control unit for 
the permeation cell because temperature has a significant effect on the permeability 
coefficient, which is shown by equation 7-1 (Dhoot et al, 2002). 
Pe - Peo exp 
7-1 
V RT , 
Where, Pg is the permeability coefficient, is the preexponential factor, R is the 
gas constant, and T is the temperature. 
• Diffusion component 
The diffusion component is a hemispherical dome-shaped component manufactured 
from brass, which was designed to fit the shape of the contact lens and to control the 
diffusion of the permeate gas. When investigating potential materials for the diffusion 
component, attempts were carried out to machine aluminium frits. However, machining 
these components caused blockages of the microporous channels. Ideally, the 
permeation cell should be constructed fi-om a similar material (i.e. aluminium) as the fi"it 
component used in the permeation cell used for testing PEM fuels and food packaging 
materials (see Chapter 6). Consequently, future work needs to investigate alternative 
materials such as borosilicate for the diffusion component that can be easily machined 
into the hemispherical shape. 
• Modifications to the FRT apparatus 
The FRT experiments were sensitive to the effect of thermal noise. In order to mitigate 
the effect of thermal noise, the FRT apparatus, the permeation cell and the pipework 
requires insulation to minimise the local temperature fluctuations. 
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Chapter 8: Conclusions and 
Recommendations 
Flux Response Technology is a powerful in situ perturbation method based on a 
pneumatic Wheatstone bridge assembly consisting of flow sensing capillaries, flow 
setting capillaries, and a very sensitive differential pressure transducer (DPT). In 
operation, the very sensitive DPT makes differential measurements between two gas 
lines, which are termed the system side and the reference side. FRT can be modified to 
measure virtually any gaseous process involving a change in pressure. One unique 
advantage of the FRT method is it's ability to perform dual measurement of changes in 
pressure (corresponding to changes in volumetric flowrate caused by the perturbation of 
test gas into a constant flow of carrier gas) and changes in composition at the surface of 
a given sample. This is achieved by the use of delay lines. Delay lines effectively extend 
the path length of the signal for the composition front caused by a perturbation of test 
gas to the flow sensing capillaries. Hence, changes in pressure are detected immediately 
and changes in composition can be delayed. Other advantages of the FRT method 
include simplicity, defined reactor geometry, no mass limitations and inexpensive 
capital cost of construction. 
In this PhD, the development of the FRT has focussed on commissioning and 
augmenting three apparatus over a three year period. Four applications of FRT were 
investigated namely the dynamics of nitrogen sorption on aluminium oxides at 77 K for 
surface area determination, the dynamics of ammonia sorption on zeolites with different 
Si/Al ratios, the measurement of gas permeabilities of polymeric membranes including 
proton exchange membrane electrolytes used for fuel cell applications and food 
packaging films, and the measurement of oxygen permeabilities of soft contact lenses. 
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8.1. M a i n Conclus ions and Achievements 
8.1.1. Flux Response Technology 
In chemical engineering and chemistry, scientists and engineers have devoted 
significant resources and effort into the challenge of bridging the pressure and material 
gaps associated with material characterisation methods (e.g. the Rubotherm© magnetic 
suspension balance). Note that the pressure gap refers to the pressure difference of 13 
orders of magnitude between UHV and typical industrial operating pressures and the 
material gap describes the difference between the behaviour of single crystals and real 
catalysts used for industrial processes. The FRT method has contributed to the challenge 
of bridging the pressure and material gaps associated with material characterisation 
methods because experiments were carried out at atmospheric pressure without mass 
limitations, which enables the measurement of material properties of bulk samples. 
Characterisation of gas processes using FRT can provide accurate real time 
measurement of material properties under transient conditions, which eliminates the 
need to infer the material behaviour. Currently, the prototype systems, which have been 
commissioned for this work, operate at atmospheric pressure. Although these apparatus 
have provided accurate characterisation of material properties at atmospheric pressure, 
future work will need to address the development of a high pressure FRT apparatus to 
facilitate further bridging the pressure gap to operate at higher pressures (see section 
8.2.1). 
Modifying FRT for the measurement of material properties across a wide temperature 
range requires the use of liquid nitrogen at cryogenic temperatures or a temperature-
programmable furnace at elevated temperatures. In operation, the system reactor (and 
sometimes the reference reactor) containing the sample are placed inside the 
temperature-controlled environment and the Wheatstone bridge assembly and 
differential pressure transducer are kept at room temperature. Due to the separation 
between these entities, the FRT method can operate across a wide temperature range 
and it is only limited by the temperature of the external environment (i.e. liquid nitrogen 
or the furnace); hence, extreme temperatures can be investigated. 
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8.1.2. Dynamics of Nitrogen Sorption on Aluminium Oxides at 77 K for 
Surface Area Determination 
The determination of surface area of aluminium oxides was successfully achieved by 
investigating the dynamics of nitrogen sorption at 77 K using FRT. The pertinent 
features of the experimental configuration included the attachment of intertwined gas 
lines for the system and reference reactors to the FRT apparatus and the use of a liquid 
nitrogen dewar. The experimental approach involved the use of successive sorption 
cycles to measure the quantities of nitrogen adsorbed and desorbed on aluminium 
oxides within a fixed cycle time. On the flux response profile, the determination of the 
areas of the sorption peaks by integration revealed a difference between the quantities of 
nitrogen adsorbed and desorbed on the first sorption cycle and that of the subsequent 
sorption cycles. Therefore, two analytical approaches were employed to analyse the 
experimental data, which are termed the single cycle analysis and the average cycle 
analysis. The single cycle analysis only uses the quantities of nitrogen adsorbed and 
desorbed from the first sorption cycle and the average cycle analysis uses the quantities 
of nitrogen adsorbed and desorbed from the subsequent sorption cycles excluding data 
firom the first sorption cycle. The key conclusions and achievements are summarised as: 
i. There is excellent correlation between the single cycle surface areas using FRT 
and the nominal surface areas for aluminium oxides with intermediate and low 
surface areas. The nominal surface areas of the aluminium oxides showed less 
correlation with the data obtained from Micromeritics ASAP compared to data 
obtained from the FRT method. For example, the nominal surface area of 
aluminium oxide with low surface area is 0.25 m^g' and the single cycle BET 
surface area measured using FRT is 0.24 In contrast, the BET surface area 
measured using Micromeritics ASAP is 0.40 m^g''. 
ii. The ratio analysis used to determine the quantity of ammonia adsorbed to the 
quantity of ammonia desorbed within a fixed sorption time showed that the 
dynamic experiments achieve a steady state after the first sorption cycle. For 
instance, analysis of aluminium oxide with intermediate surface area shows that 
the average ratios of the quantity of nitrogen adsorbed to the quantity of nitrogen 
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desorbed after cycle 1 is 1.267 and the relative standard derivation of the ratios 
is only 2.1 %. Note that this ratio does not equate to 1 because the shape of the 
adsorption and desorption peaks are different. The adsorption peak has a 
symmetrical shape, whereas the desorption peak asymptotically approaches the 
baseline of the system. Consequently, the use of a fixed sorption time calculates 
the total area of the adsorption peak but it does not calculate the total area of the 
desorption peak. 
iii. Comparison of the adsorption isotherms for the aluminium oxides for the low 
and intermediate surface areas shows that there is a convergence between the 
adsorption isotherms determined using the average cycle analysis (FRT) and the 
adsorption isotherm determined using Micromeritics ASAP with increasing 
mole fraction of nitrogen in helium. Hence, as the mole fraction of nitrogen in 
helium increases, the dynamic adsorption isotherm for the nitrogen sorption on 
aluminium oxides gradually tends towards the adsorption isotherm for the static 
volumetric method because the increased nitrogen partial pressure facilitates the 
diffusion of nitrogen into the pore structure. 
iv. When analysing the surface area of the aluminium oxides, the nitrogen 
adsorption isotherms exhibited stronger conformance to the BET isotherm than 
the Langmuir isotherm for both the FRT and Micromeritics ASAP results. This 
observation was further confirmed by the characteristics of the nitrogen 
adsorption isotherms such as the shape of the hysteresis loop obtained from the 
Micromeritics ASAP were indicative of a Type II isotherm, which is governed 
by the BET equation. 
8.1.3. Dynamics of Ammonia Sorption on Zeolites with Different Si/Al 
Ratios 
FRT was successfully used to quantify ammonia adsorption and desorption and the total 
number of acid sites on zeolites at atmospheric pressure under isothermal conditions by 
coupling the FRT apparatus to a system reactor placed inside a temperature 
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programmable furnace. Unlike other characterisation methods such as temperature 
programmed desorption (TPD) of ammonia, FRT has the ability to measure the 
dynamics of ammonia adsorption and desorption in the same experiment, which is akin 
to pressure swing adsorption processes. Similar to investigating the dynamics of 
nitrogen sorption on aluminium oxides at 77 K, the experimental approach entailed the 
use of successive sorption cycles to measure the quantities of ammonia adsorbed and 
desorbed on zeolites within a fixed cycle time. The main conclusions and achievements 
are: 
i. The total number of acid sites on zeolites with different Si/Al ratios can be 
accurately determined using FRT. Despite the differences between the in situ 
characterisation of FRT and the static characterisation method of TPD of 
ammonia, there is excellent correlation between the experimental data obtained 
using both characterisation methods. For example, the total number of acid sites 
measured on ZSM-5 (nominal Si/Al ratio = 50) is 0.402 mol.kg^ using single 
cycle analysis for FRT in a temperature range of 200 °C to 450 °C. Another 
study using TPD of ammonia reported the total number of acid sites on ZSM-5 
(nominal Si/Al ratio = 50) is 0.44 mol.kg' in a temperature range of 177 °C to 
442 °C (Rodriguez-Gonzalez et al., 2007). 
ii. When analysing the effect of the framework Si/Al ratios on the total number of 
acid sites, it is found that there was a correlation between the Si/Al ratios and the 
total number of acid sites. For example, ferrierite (nominal Si/Al ratio = 20) was 
the sample with the lowest Si/Al ratio and it exhibited the highest number of 
total acid sites of 1.56 mol.kg' at 100 °C using the single cycle analysis. In 
contrast, ZSM-5 (nominal Si/Al ratio = 280) was the sample with the highest 
Si/Al ration and it exhibited the lowest number of total acid sites of 0.56 mol.kg' 
^ at 100 °C using the single cycle analysis. 
iii. There is a slight difference between the total number of acid sites for ZSM-5 
(nominal Si/Al ratio = 50) and ferrierite (nominal Si/Al ratio = 50), which have 
similar Si/Al ratios. For instance, at 400 °C, the total number of acid sites for 
ZSM-5 and ferrierite are 0.76 mol.kg'^ and 0.51 mol.kg'' for the single cycle 
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analysis, respectively. Since ZSM-5 has a Si/Al ratio of 50 and ferrierite has a 
Si/Al ratio of 55, the difference between the total numbers of acid sites may be 
caused by structural differences (Contescu and Schwarz, 1999). 
iv. At temperature above 400 °C, the total number of acid sites approaches a 
constant value, which may represent the total number of Lewis acid sites. Lewis 
acid sites are typically formed by the dehydroxylation of hydroxyl groups at 
elevated temperatures. However, further experiments would need to undertaken 
to investigate the nature of acid sites. 
V. In situ measurement of adsorption and desorption processes under isothermal 
conditions enables realistic comparison with industrial processes. As yet, other 
characterisation methods do not measure the dynamics of adsorption and 
desorption processes under isothermal conditions in the same experiment. 
vi. Quantification of ad/desorption is achieved by integration of the areas 
underneath the sorption on the flux response profile, which can be used to 
investigate ad/desorption isotherms and relative rates of adsorption to 
desorption. 
8.1.4. Measurement of Gas Permeabilities of Polymeric Membranes 
By using the online permeability configuration, FRT was used for the measurement of 
gas permeabilities of polymer membranes. The online permeability configuration was 
used because the DPT lacked the sensitivity to detect the transient flux of the permeate 
gas across the membrane surface. Therefore, the experimental configuration consisted 
of a FRT apparatus attached to a high-pressure permeation cell via a pneumatic 
cormection. Consequently, both components of the experimental setup can be 
considered as separate entities. Permeability experiments were carried out by making 
delayed injections of permeate gas into the FRT apparatus. The permeate gas was 
delayed by closing the valve connecting the permeation cell to the FRT apparatus for a 
specified time to allow the accumulation of the permeate gas. Experiments were carried 
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out to investigate hydrogen crossover across several commercial proton exchange 
membranes, binary permeation of hydrogen and carbon dioxide mixtures across Nafion 
117, and gas permeabilities across food packaging films. The main conclusions and 
achievements to emerge from the experimental study are: 
i. For the investigation of hydrogen crossover across PEM fuel cell membranes, 
experiments were carried out on five commercial fuel cell membranes. Analysis 
of the experimental results revealed that Nafion® 117 exhibited the highest 
hydrogen crossover at 18.29 barrer and fumapem® F-1050 exhibited the lowest 
hydrogen crossover at 0.356 barrer. 
ii. Verification of the experimental results was undertaken by comparing the results 
obtained from FRT to results obtained from other well-established methods such 
as the time-lag method and gas chromatography. There is a reasonable 
correlation between data obtained using FRT and data reported in the literature 
using other characterisation methods. For example, the hydrogen permeability 
coefficient for Nafion® 117 is 18.29 ± 2.27 barrer measured using FRT and 
other researchers have reported that the hydrogen permeability coefficient for 
Nafion® 117 is 8.95 barrer using the time-lag method (Chiou and Paul, 1988). 
The difference between the experimental results is attributed to pre-treatment 
conditions because the other researchers subjected the membrane to drying in 
vacuum oven at room temperature. In this study, samples were not subjected to 
pre-treatment. 
iii. For the investigation of binary permeation of hydrogen and carbon dioxide 
mixtures across Nafion® 117, experiments were carried out across the full 
composition range. Interestingly, the flux response profile of pure CO2 at 4 bar 
showed the occurrence of an additional effect, which is attributed to the transient 
flux of CO2 across the fuel cell membrane. The transient flux of CO2 can be 
attributed to plasticisation of the Nafion® 117 membrane. 
iv. When investigating the gas permeabilities of food packaging films, the 
experimental results showed reasonable repeatability and strong corroboration 
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with data reported in the literature. For example, the oxygen permeability for the 
S-2 membrane (isotactic polypropylene) is 0.962 ± 0.160 barrer and other 
researchers have reported the oxygen permeability is 0.910 barrer using the 
ASTM D1434 method. 
8.1.5. Measurement of Oxygen Permeabilities of Soft Contact Lenses 
FRT was adapted to the online permeability configuration for the measurement of 
oxygen permeabilities across soft contact lenses. A custom-made permeation cell was 
designed and built to accommodate the shape and size of the contact lenses. The main 
conclusions are: 
1. When comparing the experimental results with the nominal oxygen 
permeabilities reported by the manufacturer, there was satisfactory agreement. 
However, some of the experiments tended to underestimate the oxygen 
permeabilities, which is most likely due to lack of water management in the 
permeation cell. For example, the oxygen permeability for the S(+4.50) sample 
is 31.05 ± 2.35 barrer measured using FRT and the nominal oxygen 
permeability is 38 barrer. 
ii. Although the results show that FRT has the potential to measure oxygen 
permeabilities of contact lenses materials, several experimental modifications 
need to be considered including water management of the permeation cell, 
improved sealing of the contact lenses, and incorporation of a temperature 
control unit into the permeation cell. These modifications would improve the 
accuracy of the experimental method. 
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8.2. Recommendat ions for Future W o r k 
8.2.1. General Modifications to the FRT Apparatus 
This project has demonstrated that FRT is a viable method for the characterisation of 
gas adsorption and membrane processes. In order to disseminate the FRT method to the 
academic and industrial communities, the FRT method requires several modifications. 
The current FRT apparatuses employ manual mass flow controllers to control the 
flowrates of the carrier and perturbation gases, where their maximum flowrates are 60 
ml.min^ and 5 miming respectively. When considering the design of the FRT 
apparatus, the flowrates of the carrier and perturbation gases were carefully chosen to 
maintain the function of the Wheatstone bridge assembly. During experimentation, the 
mole fraction of perturbation gas in carrier gas was controlled by adjusting the flowrate 
of perturbation gas in a constant flowrate of carrier gas. Consequently, the use of 
manual mass flow controllers significantly limited the number of different flowrates 
which could be accurately measured using a bubble flow meter. This is particularly 
pertinent for the mass flow controller for the perturbation gas because only a maximum 
of five repeatable different flowrates could be accurately measured. The limitation of 
the manual mass flow controllers is particularly relevant to the determination of 
nitrogen adsorption isotherms on aluminium oxides and ammonia adsorption isotherms 
on zeolites. This is because only a limited number of data points were obtained to 
construct the adsorption isotherms. Consequently, it is recommended that manual mass 
flow controllers are replaced with electronic mass flow controllers. Electronic mass 
flow controllers would offer numerous advantages such as ease of operation because a 
computer program could be used to select the desired flowrate and there would be 
improved control over the number of different mass flowrate especially at low 
flowrates. When selecting electronic mass flow controllers, it is important to consider 
several factors including the maximum/minimum flowrates, the corrosiveness or 
toxicity of the gases, the device input/output requirements (analogue or digital), the 
flow controller types e.g. thermal, coriolis, differential pressure, and positive 
displacement. One critical factor is the electronic mass flow controller should have 
247 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
minimal affect on the baseline signal of the FRT apparatus in terms of the induced 
pressure fluctuations through the control of flow. 
In this project, the experimental results show that the effect of thermal noise was a 
reoccurring problem because there was insufficient temperature control of the FRT 
apparatus. In general, thermal noise effects caused fluctuations in the baseline signal of 
the apparatus. A temperature control unit such as a heat exchanger should be 
incorporated into the FRT apparatus to control the local temperature of Wheatstone 
bridge assembly. Moreover, the core components of the FRT apparatus including the 
pipework should be enclosed inside an insulated box to minimise thermal fluctuations 
caused by the external environment such as operation of the extraction unit. A reduction 
in thermal noise would improve the repeatability and accuracy of the FRT method. 
When measuring gas permeabilities of polymeric membranes, the FRT method was 
modified to the online method to circumvent the inadequate sensitivity of the 
differential pressure transducer to directly measure very low gas permeation. In order to 
improve the FRT method for the measurement of gas permeabilities of membranes, the 
differential pressure transducer should be changed from a sensitivity of 1 F output for ± 
10 mm H2O to 1 F output for ± 2 mm H2O. Depending on whether increasing the 
sensitivity of the DPT by a factor of 5 would be sufficient to measure the transient flux 
of permeate gas, the FRT could be modified to the in situ method, which involves 
integration of a permeation cell into the Wheatstone bridge assembly. The use of the in 
situ method enables the reference side of the Wheatstone bridge assembly to play an 
equal but opposite role in measuring gas permeation across the polymeric membrane 
with the system side of the Wheatstone bridge assembly. 
The dissemination of the FRT method would be aided by automation of the FRT 
method because ease of operation would significantly help the end user. Currently, the 
components of the FRT method are manually operated. Effective operation of the 
current FRT method requires understanding of several factors including the effect of 
pressure drop caused by the addition of external fittings such as a system reactor, the 
effect of thermal expansion and contraction of the perturbation gas, and suitable choice 
of the mass flowrates and back pressures for a given experiment. Automation of the 
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core components of the FRT apparatus such as the back pressure regulators and the 
mass flow controllers would provide the end user with better flexibility in terms of 
experimental scheduling and remote operation. 
A challenging modification to the FRT method would be to design an apparatus with 
the ability to operate at high pressures. Consequently, the next generation of FRT 
apparatuses should be developed to operate at above 10 bar instead of atmospheric 
pressure. Developing a high pressure FRT method is not simply a matter of changing 
the specification of the components inside the apparatus, significant attention would 
need to be given to design of the back pressure regulators to maintain the integrity of 
the Wheatstone bridge assembly. A high pressure FRT method would offer the 
opportunity to carry out in situ measurement of materials in operation at experimental 
conditions similar to industrial processes. 
8.2.2. Development of Alternative Experimental Approaches 
8.2.2.1. Removal of the Viscosity Effect for Gas Sorption Experiments 
When investigating the dynamics of nitrogen sorption on aluminium oxides and the 
dynamics of ammonia sorption on zeolites, the experimental approach used successive 
sorption cycle using a fixed cycle time. The use of sorption cycles allows the 
measurement of the quantities adsorbed and desorbed of adsorptive gas under 
isothermal conditions in the same experiments. In order to reduce the duration of the 
sorption cycle, the viscosity effect should be removed from the flux response profile. 
Removal of the viscosity effect can be achieved by replacing the delay lines with 
sample gas cylinders. The sample gas cylinders would provide a large volume to 
facilitate mixing between the perturbation and carrier gases causing dilution of the 
viscosity effect. Hence, the diluted viscosity effect would be measured as a drift signal. 
Therefore, the removal of the viscosity effect would enable extension of experimental 
times and faster determination of adsorption isotherms over the full composition range. 
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8.2.2.2. Comparative In Situ Measurements using the System and 
Reference sides of the Wheatstone Bridge Assembly 
Flux Response Technology can be adapted to make comparative measurements on 
different samples by incorporating a reactor into the reference side of the Wheatstone. A 
schematic of the modified experimental configuration is illustrated in Figure 8-1. The 
key features of the modified experimental configuration include the addition of reactor 
and perturbation switching valve to the reference side of the Wheatstone bridge 
assembly. Therefore, the FRT apparatus would effectively have two system sides, 
which would significantly widen the range of potential experiments. For example, 
experiments could be carried out on two different catalysts to compare the relative 
dynamics of adsorption and desorption processes. Fast comparative experiments would 
significant contribute to the development of new catalysts because one side of the 
Wheatstone bridge may be used to measure a standard catalyst, while the other side of 
the Wheatstone bridge may be used to measure the new catalysts. 
MFC port valve 
Modified 3 
port valve i>k]—' 
BPR MFC 
Flow sensing 
capillaries System 2 
BPR 
DPT 
System 1 
Delay lines 
MFC 
BPR 
MFC = Mass Flow Controller 
BPR= Back Pressure Regulator 
DPT= Differential Pressure Transducer 
Figure 8-1: A schematic of experimental setup for comparative measurements 
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Appendix A: Interpretation 
of physisorption isotherms 
lUPAC have classified the main types of physical adsorption isotherm into six 
categories as reprinted in Figure II (Sing et al, 1985). 
• The Type I isotherm is usually associated with limited gas uptake on a 
microporous material or monolayer adsorption caused by strong interactions 
between the adsorbate and adsorbent surface. Type I isotherms can be described 
by the Langmuir equation 
• The Type II isotherm is indicative of unrestricted monolayer-multilayer 
adsorption on a non-porous or macroporous adsorbent. The curvature, shown by 
point B, usually indicates the transition between monolayer coverage and 
multilayer adsorption. Type II isotherms can be described by the BET equation 
and Jura-Harkins equation. 
• Type III isotherms usually represent materials that exhibit strong lateral 
interactions between the adsorbed molecules when compared to adsorbent-
adsorbate interactions. These isotherms are quite uncommon, however, an 
examples includes nitrogen adsorption on polyethylene. 
• Type IV and V isotherms have hysteresis loops, which are usually associated 
with capillary condensation and capillary evaporation. The classification of 
hysteresis is reprinted in Figure II, and these are discussed later. Type IV 
isotherms display an initial section that follows the same path as the Type II 
isotherms. Similarly, this initial section usually represents monolayer-multilayer 
adsorption. Whereas, the Type V isotherm exhibits an initial section that is 
similar to the Type III isotherm. 
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The Type VI isotherm displays a stepwise formation, which is indicative of 
multilayer adsorption on a uniform non-porous surface. 
I n j 
A 
m 
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Figure II: Types of physical adsorption isotherms and hysteresis loops 
The hysteresis loops (see Figure II) can be classified into four categories following the 
lUPAC recommendations. 
• Type HI is indicative of porous materials with compact spherical particles or 
rigid joined particles (agglomerates). In addition, they are commonly associated 
with materials that have a high pore size in a uniform arrangement and simple 
pore coimectivity. 
• Type H2 is representative of many porous materials such as inorganic oxides. 
The reasons for the triangular shape of the hysteresis loop include capillary 
condensation and capillary evaporation do not occur at the same pressure, and 
pore connectivity effects due to the nature opening of the pore mouth. 
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In reference to Type H3 isotherms, they often occur with material that have 
loosely structured particles (known as aggregates), which can cause non-limiting 
adsorption at higher partial pressures. 
For Type H4 isotherms, the adsorption and desorption branch are almost parallel 
to the partial pressure, and they typically occur with materials that have narrow 
slit-like pores. 
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Appendix B: 
Mathematical concept of 
tension splines 
A tension spline f(%) is a continuous function for which ^"(x) - os{x) is given by a 
straight line on \X^  - ]. For all cr = 0, it reduces to a cubic spline, whereas if all 
cr,. = 0 , it reduces to an cubic spline, it becomes a piecewise linear function. Therefore, 
increasing a tension factor has a local stretching effect on the curve, which can be used 
to prevent unwanted oscillations (Dierckx, 1995) 
Xxxxxx 
DIERCKX, P. (1995) Curve and surface fitting splines, Oxford University Press. 
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Appendix C: Flux 
response profiles for 
nitrogen adsorption on 
aluminium oxides for the 
determination of surface 
area at 77 K 
Appendix C presents examples of the flux response profiles measured for nitrogen 
adsorption on aluminium oxides at 77 K. The results are separated into three sections: 
high surface area aluminium oxide, intermediate surface area aluminium oxide, and low 
surface area aluminium oxide. The flux response profiles were measured at different 
mole fractions of nitrogen in helium by adjusting the mass flowrate of nitrogen in a 
constant flow of carrier gas using a bubble flow meter. 
Table 1: T h e quanti t ies of ni trogen adsorbed and desorbed on a lumin ium oxides 
determined by calculat ing the areas of the sorption peaks 
Average 
ratio of 
Nitrogen adsorption 
mole to 
fraction desorption 
Aluminium in Sorption Cycle Cycle Cycle Cycle for cycles 
Oxide helium (cm®/g) 1 2 3 4 2-4 
High 
surface area 
(sample 1) 0.092 Adsorption 33.965 33.655 33.090 31.810 
Desorption 26.301 24.888 23.438 22.088 
Difference 7.664 8.767 9.652 9.722 
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0.102 
0.128 
0.161 
High 
surface area 
(sample 2) 0.119 
0.154 
Ratio 
(ads/des) 
for cycles 
2-4 1.291 1.352 1,412 1.440 
Adsorption 49.035 42.995 40.809 40.135 
Desorption 33.039 29.931 29.393 28.383 
Difference 15.996 13.064 11.416 11.753 
Ratio 
(ads/des) 
for cycles 
2-4 1.484 1.436 1.388 1.414 
Adsorption 53.813 47.738 43.974 38.371 
Desorption 33.325 32.366 32.156 31.718 
Difference 20.488 15.372 11.819 6.653 
Ratio 
(ads/des) 
for cycles 
2-4 1.615 1.475 1.368 1.210 
Adsorption 65.555 49.996 52.207 47.232 
Desorption 42.224 39.995 41.777 40.825 
Difference 23.331 10.001 10.430 6.407 
Ratio 
(ads/des) 
for cycles 
2-4 1.553 1.250 1.250 1.157 
Adsorption 33.054 34.089 31.264 34.246 
Desorption 26.165 28.787 28.733 29.617 
Difference 6.889 5.302 2.532 4.628 
Ratio 
(ads/des) 
for cycles 
2-4 1.263 1.184 1.088 1.156 
Adsorption 45.160 35.308 36.900 36.641 
Desorption 26.750 27.433 23.198 29.503 
Difference 18.410 7.875 13.702 7.138 
Ratio 
(ads/des) 1.688 1.287 1.591 1.242 
1.401 
1.413 
1.351 
1.219 
1.143 
1.373 
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0.208 
0.289 
0.306 
for cycles 
2-4 
Adsorption 48.967 37.848 36.112 35.069 
Desorption 44.614 29.214 28.452 32.450 
Difference 4.353 8.634 7.660 2.619 
Ratio 
(ads/des) 
for cycles 
2-4 1.098 1.296 1.269 1.081 
Adsorption 52.392 39.453 36.948 37.630 
Desorption 51.356 31.461 25.725 33.520 
Difference 1.037 7.992 11.223 4.110 
Ratio 
(ads/des) 
for cycles 
2-4 1.020 1.254 1.436 1.123 
Adsorption 58.834 41.735 39.701 37.309 
Desorption 36.399 36.508 36.280 36.976 
Difference 22.435 5.227 3.420 0.333 
Ratio 
(ads/des) 
for cycles 
2-4 1.616 1.143 1.094 1.009 
1.215 
1.271 
1.082 
Nitrogen 
Aluminium Partial Sorption Cycle Cycle Cycle Cycle 
Oxide Pressure (cm®/g) 1 2 3 4 
Intermediate 
surface area 0.041 Adsorption 17.811 9.490 8.205 8.396 
Desorption 6.932 6.693 6.786 6.895 
Difference 10.879 2.797 1.419 1.502 
Ratio 
(ads/des) 
for cycles 
2-4 2.569 1.418 1.209 1.218 
Average 
ratio of 
adsorption 
to 
desorption 
for cycles 
2-A 
1.282 
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0.071 Adsorption 18.594 9.969 10.397 10.225 
Desorption 8.659 8.248 8.233 8.234 
Difference 9.936 1.721 2.163 1.991 
Ratio 
(ads/des) 
for cycles 
2-4 2.148 1.209 1.263 1.242 1.238 
0.115 Adsorption 22.436 14.638 13.314 11.733 
Desorption 11.057 10.324 9.978 10.394 
Difference 11.379 4.313 3.336 1.339 
Ratio 
(ads/des) 
for cycles 
2-4 2.029 1.418 1.334 1.129 1.294 
0.149 Adsorption 24.351 16.447 15.628 13.646 
Desorption 13.127 12.098 12.215 12.672 
Difference 11,224 4.348 3.413 0.973 
Ratio 
(ads/des) 
for cycles 
2-4 1.855 1.359 1.279 1.077 1.239 
0.181 Adsorption 27.115 20.059 20.952 16.955 
Desorption 15.015 15.971 14.978 14.229 
Difference 12.100 4.088 5.975 2.726 
Ratio 
(ads/des) 
for cycles 
2-4 1.806 1.256 1.399 1.192 1.282 
Low surface 
area 0.037 Adsorption 0.035 0.025 0.031 0.032 
Desorption 0.033 0.024 0.025 0.025 
Difference 0.002 0.001 0.006 0.007 
Ratio 
(ads/des) 
for cycles 
2-4 1.076 1.023 1.253 1.270 1.182 
0.065 Adsorption 0.056 0.048 0.050 0.049 
Desorption 0.039 0.040 0.036 0.033 
Difference 0.018 0.008 0.015 0.016 
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0.115 
0.154 
0.168 
Ratio 
(ads/des) 
for cycles 
2-4 1.459 1.207 1.407 1.465 
Adsorption 0.060 0.059 0.057 0.056 
Desorption 0.041 0.041 0.044 0.040 
Difference 0.019 0.017 0.013 0.016 
Ratio 
(ads/des) 
for cycles 
2-4 1.460 1.422 1.301 1.397 
Adsorption 0.069 0.059 0.061 0.059 
Desorption 0.056 0.050 0.054 0.048 
Difference 0.013 0.009 0.007 0.011 
Ratio 
(ads/des) 
for cycles 
2-4 1.222 1.174 1.125 1.242 
Adsorption 0.089 0.072 0.075 0.072 
Desorption 0.065 0.061 0.056 0.054 
Difference 0.024 0.011 0.019 0.018 
Ratio 
(ads/des) 
for cycles 
2-4 1.363 1.184 1.337 1.326 
1.360 
1.374 
1.180 
1.282 
E x a m p l e s o f f lux re sponse prof i l e s f o r a l u m i n i u m ox ide w i t h h i g h s u r f a c e area (A-
H 1 a n d A - H 2 ) 
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0.10 1 
0.08 
S 0,06 4 
"to 
#0.04 i 
0 .02 -
0 . 0 0 
Nitrogen mole fraction = 0.0917 
0 1000 2000 3000 
Time ($j 
4000 5000 
0.10 1 Nitrogen mole fraction = 0.1025 
0 .08 
0.06 
0.04 
0.02 
0 .00 
1000 2000 3000 
Time (s) 
4000 5000 
0.10 1 
0.08 -
g 0.06 -
m 
c 
.y 0.04 -
w 
0.02 -
0.00 -
Nitrogen moie fraction = 0.1938 
1000 2000 3000 
Time (s) 
4000 5000 
a) Flux response profiles for aluminium oxide with intermediate surface area 
(A-I) 
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0 /1 0 1 Nitrogen mole fraction = 0.0714 
0 . 0 8 -
F 0.06 -
^0.04 4 
0 . 0 2 -
0.00 
0 500 1000 1500 2000 2500 3000 
Time (s) 
Nitrogen mole fraction = 0.0415 0 . 1 0 -
0 . 0 8 -
> 0.06 -
^ 0 . 0 4 -
0 . 0 2 -
Time (S) 
0.10 
0.08 -I 
p 0.06 
0.04 
0.02 
0.00 
ro 
.§> 
CO 
Nitrogen mole fraction = 0.1149 
1000 2000 3000 
Time (s) 
4000 
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0.10 
0.08 
g 0.06 4 
"to 
1 0 . 0 4 4 
0.02 
0.00 
Nitrogen mole fraction = 0.1493 
1000 2000 3000 
Time (s) 
4000 5000 
0.12 -| 
0.10 -
0.08 -
"TO 0.06 -
cn 
CO 0.04 -
0.02 -
0.00 -
Nitrogen mole fraction = 0.181 
1000 2000 3000 4000 
Time (s) 
5000 6000 
b) Flux response profiles for aluminium oxide with low surface area (A-L) 
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0.10 
Nitrogen mole fraction = 0.0370 
0 . 0 8 -
go .oe -I 
"TO 
| 0 . 0 4 -I 
0.02 
0.00 
1000 2000 3000 
Time fsj 4000 5000 
Nitrogen mole fraction = 0.0652 
0.10 1 
0.08 
C. 0,06 -
CD 
C D) 
M 0.04 -
0 . 0 2 -
0.00 
m 0.030 
0.026 
partial adsorption 
184 194 204 
Time (s; 
r - n 
1000 2000 3000 
Time fsj 4000 5000 
ro 
c O) W 
0.10 -| 
0 . 0 8 -
0.06 
0.04 
0.02 
0.00 
Nitrogen mole fraction = 0.1149 
0 1000 2000 3000 
Time fsj 4000 5000 
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Nitrogen mole fraction = 0.1545 
0.10 
0.08 
S" 
^0.06 ^ 
CO 
c g 
OT0,04 
0.02 
0.00 1000 2000 3000 
Time fsj 
4000 5000 
0.10 1 
0.08 -
£ 0 . 0 6 -
1 
iw 0.04 -
0.02 -
0.00 -
Nitrogen mole fraction = 0.1680 
0 1000 2000 3000 
T ime (s) 
4000 5000 
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Appendix D: Nitrogen 
adsorption isotherms and 
pore size distribution for 
aluminium 
Appendix D presents the nitrogen adsorption isotherms for aluminium oxides at 77 K 
measured using the static volumetric method. The results are separated into three 
sections: high surface area aluminium oxide, intermediate surface area aluminium 
oxide, and low surface area aluminium oxide. 
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a) Aluminium oxide with high surface area (A-H) 
Tnsiarsooove.OF A 
Full Report Set 
Urttt Poitl Se(lai«;2l32 
Sample: HIGH2 OpefBlor: PC SiDnlltsr: Pie: C^ . .ICAN DICBHIGH2.SMP 
Slarled: 20f07/SDQ9 10:42:1 SPM CoiTTJlaled: 3»07.'2D09 17:433BPM Rapcrt Time: 20ia?izxi3 17:47 24PM Warm Free Space: 6.7211 anPlifeastjred Equilbretlon Imtaival: 5 s Sampta Denaiy: IJOOO 9fcm» 
Anatysfi Maoiptna: N2 Anat^ is Bam Tamp.: -I95i900 "C Sample Masa: o.oaoag COM Frea spaoa: 21.1129 cm^Maasurad Low Pressure Dose: None AUninalic Degas: No 
Relative Pressuie 
Isotherm Tabular Report 
Absolule auBnttv SapsadTlma SaUiiallcn 
Prassure Adscrtied (ri:nin) Preeaue (mniHg) (ansi'g STPl (mrrHg) 
761.68280 0039 
0.010220743 7.79323 29.6611 ooas 
0.029308687 22.33521 35.4962 01 DO 
0.057129460 43.51996 40.1914 01 m 
0.07622^44 53.07032 42.4578 01 05 
0.099769761 75.26471 44.7323 0139 
0.119919223 90.59241 46.5605 01:1Q 
0.139063166 105.84006 49.2568 01:12 
0.159964^22 121.09381 49.6968 01:14 
0.1736^6067 135.34766 51.4S13 01.16 
0.199960779 151.689lj6 33.0617 01 rl9 
0.244642SEO 196.37926 K.6795 0121 
0.297704620 2S6.B8SCP 61,0097 0123 
0.946369024 263.87311 65.2*30 0126 
0.295979206 301.60712 0 . 9 ^ 3 0129 
0.445310977 339.27335 75.0966 0132 
0.494354210 376.64398 90.9296 0135 
0.643383320 414.01440 97.7751 0139 
0.5199419124 455.64966 97.2776 01*4 
0.647667144 483.60531 109.7646 0131 
0.694562045 S29.23712 123.6359 0157 
0.746804157 569.07160 193.6314 02XJ7 
0.79347*07 604.67432 193.1553 02:19 
0.914060603 620.37781 221.9914 0229 
02*0 
0.649165450 647.1 TOSS 272.5826 02*3 
0.6^677576 662.79776 299.7701 0251 
0.901822973 667.33766 329.4591 03103 
0.925660764 70S.3®4S 315.7406 03:12 
0.M6184967 721.04261 359.2691 03:19 
0.9016!2544 739.53386 372.6946 0324 
0.977229449 744.67517 377.2796 0327 
O.Ba66W7B 751.87666 392.8579 0332 
0.993460764 757.04576 399.7641 0333 
0.992750064 743.86444 394.0006 0335 
0.671968462 740.BK04 390.4779 0339 
0.947964936 722.26986 375.1928 03*1 
0.930663299 7(B.0796e 371.8958 03*4 
0.906666337 680.83647 357.0971 03*7 
0.675967365 667.33361 359.2146 0353 
0.656640282 652.64734 3497776 0359 
0.625616343 639.06433 3^.7995 04B9 
0.603622905 612.44263 305.1507 04Ma 
0.743620770 571.33906 223.4968 0439 
04*0 
0.692041274 537.241G6 144.4390 a s m 
0.644809163 481.25966 115.6922 05:19 
0.601660710 459.38342 100.8156 os:ig 
0.5496173214 413.7^46 99.8114 0524 
0.492676612 375.27821 91.2698 05:%! 
762.13209 
781.88365 
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TrBtaraooove.o? A 
Full Be port Set 
UrtM Poit1 Seflal#:2132 Page'2 
Sample: HIGH2 
Oper^r: PC 
SUDirtltar: 
Fie: C^. ..\CAN DICBHIGH2.SMP 
Slarled: 2CV07;2D0910:42:1 EPM 
Coirplated: aifOZ/ZXH 17:43SBPM 
Repot Time: 2[V07/2l009 17:47 24PM 
WBim Free Space: 6.7211 or f Maasired 
&|ullbiBtlon irilsival: 5& 
sanple DenalV: tjOOO gfcnf 
Arabia AdaoiptMe: N2 
AnalyBls Bam Temp.: -195.800 "C 
Sample Maaa: 0.0903 g 
COM Free space: 21.1129 CM^MSASUIBD 
Low Ptessura l>3se: None 
Aiiotnatlc Degas: NO 
IsothsFm Tabular Report 
HeiEthe Absolute Quanliy BepsedTline Saluiallon 
Preesue Prasura Adeorted in:mln] Preeaue 
(trrnHgj (cm^gSTP) ffntrWg) 
0.433163926 333.62117 74.6345 0 5 3 4 
0.4047351 ra 309.3SOS 71.0457 osaa 
0.^4203936 269.35510 es. is2e 0539 
0.303619068 231.24014 61.6SS2 05:42 
0.283012067 182.76070 57.4328 05-44. 
0.aaz7is305 16444142 53.4916 05:47 
0.142891366 109.93266 4B.7471 05:49 
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TTBIarSCOOVe.CF A 
Full F?e port Set 
UMt1 POItl Semi* :2 i32 Page 3 
Sample: HIGI-E 
Oqa-Btor: PC 
SUjiTlltar: 
Fie: Cr....'.C,<kNDICB,HIGH2.SMP 
SI ailed: 2Q'07,'am9 10:42:1 GPW 
connptsled: 31'07,'2D09 l7:4S3ePM 
FapcrlTlme: 2a'07.'SC09 17:47 24FM 
Warn FtseSpax: 6.7211 o r f Maesued 
EqullbiEtbn InKMI: 5$ SampK Dansl^ : 1.000 j'om^  
Anafj'sB AdMiplf.-a: N2 
Ana(/Bls Bam Tamp.: -19S.9D0 •C 
smipteMwa: o.OMsg 
COM Free Space: 21.1129 cm' kKasuRd 
Low Presiurs cosa: None 
Ailomallc Degas: No 
IsoirBrm LIrear Plot 
mGH2- Adsoipllon 
HIGH2- tesorpllcfi 
^ ' 
,++ 
M 0 . 5 & 6 
Helstivs' Prassura ipfpl 
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TTBterSCODVe.CF A 
Full Report Set 
Urttl PDitl Semi2132 Page 4 
Sample: HIGH2 
OpSfBtor: PC 
sunn Iter: 
Fie: cr,...',&'\NDICE,HIGH2.SMP 
siarlKl: 2a'07,'aocH 10:42:19PM Comptsled: 3Di'07;2a» 17:433BPM Fepcft Time: 31'07,'acce 17:47 24PM Warm FreeSpsx: 6.7211 cnf kkasired EqulbiBtUn Intori'al: 5 s Sampb Denait/: 1j000j'an> 
AnaTj'sS MMipir.'a: N2 
Anaf/se Bam Tamp.: -195.930 "C 
SempleMass: O.CBOag 
COB Free Spax: 21.1123 an=k.teaflured 
Ijdw Pressure D(Ke: None 
Aiiomallo Degas: No 
BET surface Area Report 
BET SUT9» Area: 192.6491 ± C1272S ms'g 
Sbpe: 11022234 ± aooocaj gem' STP 
Y-Meti%p1: aODO£39±aCnC0049'cnl='STP 
c: MaSOOM 
am: 44acce arwgSTP 
CcftBlallcnCwincOrtl: 0.9999940 
M3t3ajlarCri:«& Sectional Area: 01620 nirf 
Reiatrfe Quanttt/ 1.'1Q»J3?P- D] Pressure .WacfCej ija'P'!' STP1 
0.C67126460 40.1914 QL00160& O.OPG22M44 42.4578 C1001844 O.C©97£©751 44.7322 01002451 0.118916223 46.5605 aoo289e 0.13^923166 4a.256e 0.03334.4 0.168954822 49.8869 a00378B 0.178876067 51.4811 OL004234 0.168980778 53.0617 OL004682 
TrBlarsOMVe.O? A 
Full Report Set 
untl Porti 
SamOe: HIGH2 OpefBtor: PC SUjirmter: Fie: C;.'.CANDICBHIGHZ.SMP 
Senai*:2l22 Pages 
Siarled: aiw.'EDCe 10:42:1 EPM CoiripBled: aoi'OT.'SOB l7:433ePM FBpCfl Time: aD,'07,'20(B 17:47 2JFM Warm PreiSpax: 6.7211 cm^Msastred EqulbraiDn Interval: 5 s Sampfe Knalt/: 1 jOOO 9'cm: 
Anat/sis Adsorpltrt: N2 Arar/ais BaHiTeirp.: -195.900 % San pie Mass: o.oaosg Cold Free Space: 21.ll28cm5>.teasi/rad 
urn Pressure Dcse: None AUtomalC Degas: No 
BET Surface Area Ploi 
+ HIGH2 
0.08 0.10 0.12 flelBtr.e Pressure ila'p"! 0 . 1 4 0 . 1 6 0 . 1 0 0 2 0 
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TUSIarSOOOVe.CF A 
Full Re port Set 
Unltl Por t i sef1al#:2isa Page 6 
Sample: HIGH2 
O c e f ^ r : PC i^nmer: 
Fie: C1..',C4NDICBHIGH2.SWP 
Started: l a i m t s x s 10:4S:I9PM 
coirpteted: a'07,'2009 17:433BPM 
Fteport Time: aaw.'aOB 17:47 24FM 
Warm Free Space: 67211 o r f MBBSired 
EqullbrBtDn Inkr.al: 5 s 
Sairpte tS^nalV: 1.000 yem' 
Anaf/sB MK)Tpt(.'e: NS 
Anaf/sis HalfiTeiTip.: -19& 900 "C SanpleMaas: O.OSOSg 
Cold Free Spaa: 21.1129 an^Msasurad 
1-DW Pr^sure Dose: None 
AUomatlc Degas: No 
+ HGH2 
BET Isotherm Plot 
HIGH2- BET EQuatlcfi 
eiooa-
!/y» 
c 
5 
E 
•U-
3,CO> 
1 J C O > 
jwi-, t , ,-t , t . + + 
0 . 4 0 . 5 & » 
Rg^etw Pressure itk'p=l 
278 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Full He port Se( 
TTBtarSOMve.a? A u m i Poiti SHiai«:2i22 Page? 
sample: HIGH2 
Operior: PC 
siBirtnsr: 
Fie: C;.ACANDICBHIQht2.SMP 
SIHTTED: zvmaoog io:42:19PM AneiysB Adniptive: N2 
coinplaled: 2CV07i'2009 i7^43sePM AnaMis a m Tamp.: -i9&aoo "C 
FiaportTime: 30107/200917:4724PM sempieMaBB: o.oaoag 
Warn Rneegaace: 6.7211 cnf ^ a s u e d Cold Fnee Space: 21.1128 cm^Maasured 
EquilbiGtion imaivai: 5 s Lew Prsssura Dose: None 
Sample Danoiy: iJOOO ^ arc AHomatk Degaa: No 
Langmuir surface Area Report Langmiir sirtaoa Area: 265.6«7 ± 6.3582 mVg Slope: 0.016337 ± 0.000832 STP Y-lnter«pt: 0423.140 ± 0040602 mrnHg-^ ttin'STP b: 0038727 l/imiHg 
am: 6H)22S ctrflgsTP 
cofTBlaiioncoeincfenl: 0990285 MobailarCrDs&secdcnaJAiea: 01620 nirf 
Pressure auantlty pb'O (timHg) Adaoftea (cmvg STPl STP) 
43.51566 40.1914 1.082 
EB.IFOag 42.4579 1.365 
75.26471 44.7322 1.682 
90.68241 4G.BS0B 1.946 
1CB.B4(I08 49.2569 2.192 
121.06321 49.9969 2.427 
198.34768 51.4913 2.64B 
1G1.BK06 83.0817 2.657 
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TlrBteraOCOVS.C? A 
Full Report Set 
UriM Poit1 Semi*:2132 Pages 
Sampe: HIGH2 
optfator: PC 
SUiirttter: 
Fie: Cr,...',a<\NDICB,HIGH2.SMP 
Started: 2a'07,'saB 10:4£:1GR>( 
competed: 31'a7.'a0O9 17:43:5BPM 
FKpcft Time: 2a'(J7,'2C09 17:4724PNt 
Warm Free Space: 6.7211 cnf 
Equlltratton tntervat: 5 s Sampfe Denatf/: UOCOycm: 
.^ nal/sls AdsorplNs: N2 
Anar/sfe BalfiTemp.: -19&900 "C 
SEmpteMass: 0.0902 g 
Cold Free Spacs: 21.1129 cm^Maaaurad 
Lflw Pressure IDose: Hone 
.^itomallo degas: No 
Langmutr surface Area Plot 
+ HGH2 
I % 
S 
1 
60 80 
Pressure iTnmHgl 
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TtBHraWBVe. f fA 
Full Pteport Set 
Urtt1 Poi t l Page to 
Sample: HIGH2 
Oper^ r : PC 
Submlttsr: 
Fie: Cr,...',&4NDICBHIGH2.SMP 
Stalled: 2i'07,'aoo9 to;4£:teFH,t 
Compiled: 2Wcy7.'2D09 17:433BPSt 
Ftepcft Time: 31'07,'2009 17:47 24PW 
Wann Free s p a * : 67211 carPl.teasu-ed 
EqulltJTBtlon Inter.'al: 5s 
San^jle Cenalt/: ijOOOj'cm' 
Anatji'sis AJKifpths: MS 
Analyste BatTiTeirp.: -195.900 "C 
SsmpteMass: 0.0933 g 
COM Free Space: 21.1129 cm'MeaBuied 
Low Preseurs Dosa: None 
Ailomatio De$Bs: No 
HISH2 Ftted FQinIs 
hPIOt 
HEDilns and Jura 
g JO-
O 
0 I I i I i I I I I I I I L 1 I I 1 I 1 I I 1 I I I I I M 1 I I M I I I I M I I I M I I I I I I I I I I I I I I I I I 1 I I I I I I I I I 1 I I I I I I I 
OJOO OLOO 0 . 1 0 0 . 1 5 0 . 2 0 0 2 S Q 3 0 0 . 3 3 ( L . « 0 4 3 0 . 3 0 A 5 5 0 . 6 0 0 . 6 5 A 7 0 0 . 7 5 0, 
Ttilciiness (nml 
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Tiisiaraooo V6.a? A 
Full He port Set 
Urtu Poiti Seilal«:2l32 Page 11 
Sample: HIGH2 
oper^ r: PC SUbirttter: Fie: CA. .'iCAN DICBHIGH2.SMP 
Sla/led: XXUHZXS 10:42:1 ePM Completed: 2tVOI7.'SD09 17:433BPM FteportTlme: TOIWTSXa 17:4724PM WBim Pree space: 6.7211 orPMaasired EqilbiEtion Inteival: 5 s Sairpb DenalV: IJOOQ ycm: 
Anatnsb AdsoipUra: N2 
Ana^ls BamTeirp.: -19&900 "C 
San pie Mass: o.oaoag 
COM FIBS Space: 21.1129 cffl^Meaauied 
Low Piessure Dasa: None 
AUtomalte Degaa: No 
BJH Adsorption Pore Distribution Report 
1.3.54|-6.Mni):Vp'5]'0333 
HBTneter Rarwe: 1.7000 nin 1o aoaoooo nm 
Adsorb ate PropetV Factor: 1195300 rm 
Denalk corrvaslon Factor: aooi546e 
Fractun at Penes Open alBcin Enda: aoo 
Rire Diameter Averaga IrKranantal cumiisdve inctsmantsl cumulallM 
Han^ (nm) aair»ter(nni) PcreVoljme Pore Volume PorsAiBB Pore Area (cnflg) fcffrtfgi (in?® <n*m 
297.6-147.1 176.1 0/31*491 aoo8491 0.216 0.216 
147.1-a&7 102.0 0.006*12 ao i toM 0.389 0.595 
fl6t7 • 64.4 72.2 0.00? 196 a026102 0.399 0.963 
64.4-37.3 43.9 0X1 £3957 a050059 2.191 3.164 
37.3 - 27.2 30.6 0X124296 a074354 3.172 6.337 
27.2-2a9 23.1 0.011989 ai06342 5.546 11.682 
2aa-1&7 17.5 OjOS71ie ai63460 13.067 24.H.9 
1&7- 13.6 14.5 0X162102 Q2155S2 14.402 39.351 116- 11.0 12.0 0.100337 a313948 34.419 73.770 
I IJO- a a 10.4 0X168794 a37B742 22.981 96.751 
9.9- 8,1 a.e 0.067*2 0.466104 39.797 136.547 
B.I - &6 7.2 OX) 62016 a51B120 23.824 165.472 
6.6- 57 6.1 0X)265S7 5544707 17.490 182.962 
5.7- 4.9 5.3 0J319154 a362»2 13.850 186.B0I2 
4:9- 4.3 4.5 0XJ1S5S7 a576453 11.951 209.752 
4J3- 3.9 4.0 0X109392 a584850 9.425 217.179 
3 a - 14 3.5 0X106363 aS91114 7.073 224.251 
ZA- 3.0 3.2 0X1U76D a99ESI74 e.0L21 2S0.31 SjO- 27 2.9 OX1C0743 aS99617 5.ao 235.562 
2.7- 24 2.S 0X106891 aeo23oa 4.240 299.B01 
24- 21 2.3 0X101909 asi4217 3.373 243.179 
2.1- 1.9 2.0 0X100868 aeasias 1.913 245.097 
1.9- 1.9 1.9 OX10Q212 aeo5397 0.453 2iS.E6D 
1.9- 1.7 1.B OXI00074 0835471 o.ies 2K.718 
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Tr1SBr30(»V6.CF A 
Full Re port Set 
Urtt1 Poitt SerHI«:21S2 
Sample: HIGH2 
Operator: PC 
S i t miller: 
Fie: Cri...',Q'\NDICE,HIGH2.SMP 
Started: aa'07.'2«B tO:42:iePM 
ODirpteted: 20'a7.'2D(B t7:43:5BPW 
FBpcft Time: 2Q'07,'2CICB 17:47 24PNt 
Warm Free Space: 67211 ctrf MaBsired 
Equllbnatbn Intar/al: 5 & 
Sampfe Kital f / : 1JOO @'cm: 
Page 13 
Ana//-sB rtdaorplN-e: N2 
Anar^ls BattiTeirip.: -195.900 "C 
Semp^eMaaa: 0.0901 g 
CoU Fre« Space: 21.1129 cm'VKaautad 
Lev, Pressure Dose: None 
Automatic Degaa: No 
8JH Adsorption dV/dD Pore Volume 
HIQI-12 
10 
Pore DanBterilnmi 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrBlar3CCOV6.(jF A 
Full Re port Sei 
u n t i Po i t i S6(1aJ*:2122 Page 14 
Sample: HIGH2 
Qca-Blor: PC 
SUjirtltsr: 
Fie: CS...',C4NDICBHIGH2.SMP 
SlHTlKl: 21'07,'SD09 10:4£:1SPM 
Compiled: 20/D7/3XS 17:43SBPM 
Fspol Time; a'07,'aXQ 17:4724PM 
Warm F r»SpK» : 67211 onf J.teasired 
equlltiistion Inter/al: 5 s 
Satrpte tenslf/: IJJtMj'oms 
Anaf/-5la Admip1(.B: N2 
Anaf/se Sam Temp.: -195300 "C 
SempleMBBs: O.o@02g 
Cou Free Space: 21.1128 cm'l/aasumd 
Lew Pr^sure Kea: None 
AUomatC Degas: No 
BJH Adsorpilon dV.'dloglD) Pore Volume 
HIGHE 
a o.a-
E a 
S 
£ 
+ 
-U+ f .. 
3 1 0 
Pore aanietETfiim'i 
284 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TtBiaraooo ve.of A 
Full Report Set 
URTTI POIT1 Senal«:2l32 Page IS 
Sample; highz 
Oper^r: PC 
SUmmttar: 
Fie: C1..',CANDICBHIGH2.SMP 
SiBrted: 2tV07.'2D£B 10:42:1 SPM 
oaitplaled: am07/2009 17:43SBPM 
Ftepori-nme: 2CV07|'2009 17:47 24PM 
Warm Free^ace: 67211 cnf UKasired 
EqullbiEten Irrlatval: 5s 
Sairpla Danally: IjOOO gicm' 
Analyst Adsarplha: N2 
ANAFFSB Bam Temp.: -19EL800 "C 
sempteMasa: o.oao&g 
Cold Free space: 21.1129 cm'MsasuiBd 
Low Prassura Dose: None 
AtiotnalB Degas: No 
BJH Dssorptlon Pore Olstrlbutlon Report 
t-a.Ml-5,'[nllVp')] '0.333 
aBmeter Harne: 1.7000 nm to aoaODOO nm 
AdmrbalB Proper^ Fac&r: 0.95300 rm 
tenaiv OoiTfeislon Factor: 00316466 
Fraction 01 Pores open alBatn Ends: ooo 
Pora Diameter Average Increinental cumJelffe incramemel 
Range (nml aair«1er(nnil Pofe volume Pore Volume Pore Area 
(cfTfi'gJ fcmlfg) (in?g) 
Cumulallvie 
Pore Area 
297.4-1118 135.6 0JDCP946 0.CO7946 0.230 0.2SQ 
1119-7aa 32.1 OX)06960 (X013706 0.295 0.515 
7aa-3B.4 45.5 OjOCSCS? 0.022763 0.797 1.312 
3i.i'2B,9 323 0DC6$93 a02B355 0.682 2.005 2R9-21.6 2 * 2 0.006926 G037151 1.458 2453 
21.6- i&a 122 0j016e61 ao5a843 3.662 7.125 
16.3-14.1 15.0 0.016355 a07019B 4.348 11.473 
141-11.6 12.6 0D38890 aiiooaa 12.665 24.139 
11.6-10.3 10.B 0.048625 ai5B7ia 17.603 42.041 
l oa - &o 2 8 0.175291 a334004 79.227 121.269 
&JO- 6.4 7.0 0.166425 (1903428 96.415 217.684 
64- £5 5.9 OJDBSUI CL55B@68 37.519 255.203 5J5- 4.9 5.1 OJ023032 asm 601 15.024 ga.226 
4.9- 4.2 4.4 01112448 a%4050 11.190 284.416 42' 3.6 3.8 OjOC6340 aeooaao 6.695 291.011 SJS- 12 2 8 OjOOeS46 a603336 3.G18 284.629 
» 29 3.0 OjOOC@16 0.804251 1.211 2M.740 
2J9- 26 2.7 OJOOOSffO aeo4a2i 0.541 286.281 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Tr1Star30t»V6.CI7 A 
Full Report Set 
UnK1 Porti Seftal#:21S2 
Sample: HIGH2 
OpefBtor: PS 
SitiinlllBr: 
Fie: Cr,...',C,4NDICBHIGH2.SMP 
Sifliled; 3il'07.'2009 10:42:1 ePM 
compKried: 3i'07;ac09 17:4SSBPM 
FOpcfl Time: 31'07.'a0M 17:4724PM 
Warm Free Spa:*: 67211 orpNteasued 
Gqullbiaon Inter/al: 5 s 
sampfe Density: 1.000 ycm' 
Page 16 
AnaJ^ 'sB Adsorplf.'e: N2 
BamTeirp.: -195.900 "C 
Semite Maas: o.oaoag 
CoH Free Spasa: 21.1129 Cffl^kteaaurad 
Low Pressure Cwa: None 
AUomallo D e ^ : No 
BJH Desorption cumulatlw Pore Volume 
HIGH2 
a 
I ' 
Q, 
a oao-> 
2 
£ 0 .25-
+ 
Pore aanBter(nm1 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Tnsteraooivs.CF A 
Full Be p o r t S e t 
Urtt1 Poit l Senal«:2i32 
Sample: HIGH2 
Opefetor: PC 
SUiirmter: 
Fie: Cr....'.CANDICEHIGH2.SMP 
Started: 3J'07,'aHB 10:4£:1£PM 
compelled: %V07,'2C09 17-.43SBPM 
Fteccrl Time: 3a'07,'SD09 17:4724PM 
Warm Reespffie: 67211 or f r-kasured 
equllbfEtlon lnkr»al: 5 s 
Sairple Denalf/: 1j300j'cm> 
Page 12 
Anaf/'SB AdaoiplffS: N2 Aralyals Bam Temp.: -19&a00 "C SBTic^e Mass: O.oaOEg CoO Free Space: 21.1129 cni»K<teaaurad Low Pressure Cose: None ALKunatC Degaa: No 
BJH Adsorption Cu mutative Poie Volu me 
g 0 .33-
Si-
£ OJJ-
Pore nariBterfninl 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
•mstarsccovs.o'A 
Full Be por t S e t 
u m i Poiti seflal*:2122 Page 17 
Sample; HIGH2 
Operator; rc 
sujmlller: 
Fie: Cr,...',CANDICBHIGH2.SMP 
Slarled; 2Q'07.'2CiM 10:42:1 gPM 
Competed: 2a'07,'2KH 17M33epw 
Ftepcft Time: 2a'07.'aM9 17:47 24Fti,1 
Warm Free space: 67211 onf fctessueJ 
EqullbratCn lnkn,al: 5 s 
Sampte C3snstt/: 1.0CO )'cm» 
Anaf/SB A3Mipir.-a: N2 
Anaryste Bamxeirp.: -196.900 K 
Semp^eMaBs: 0.0903 g 
CoH Free Sp»3: 21.1129 
Lew Pressure Dose: None 
AiJomalfc D e ^ : No 
BJH tesorptlon dV.'dO PorevoluiTB 
f 
I 
-± r*-I I I I l~~l I I ' ' I I I 
5 10 50 
PDreaartBterfnmi 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrElar3003V6.CF A 
Full Re port Set 
untt Porti 5Ertal#:2t32 P ^ e t a 
Ssmpie: HIGH2 
OC«fator: PC 
stfuMtter: 
Fie: C\..',C,'\NDICB,HIGH2.SMP 
Started: 31'Ci7,'2aM tO:42:t£FW 
Compiled: KV07,'2009 t7:43:5BPW 
Ftepcd Time: 21'07,'a0O9 t7:4724PW 
Warm ResSpBx: S.7211 cms-Massu'eO 
EqulltiBtlon Interi-al: 5 s-
sairpte Danait/: ijooofom' 
Anatz-sls Admiplt.a: N2 
Aralysfe Bam Temp.: "C 
SempieMaas: 0.0803. g 
CoB Free Spaa: 21.1129 cm^ >,*9asufBd 
Low Pressura Dosa: None 
Automatic D e ^ : No 
BJH Desorptlon ctVi'dlogiDl Pore Volume 
HIGH2 
a 
I 
2 
2 
+ + 
Pore Dtarneter (nm'i 
» ICC 
TnsteraaMve.cr A 
Full Pie port Set 
UrKt Portt Serial iS:2t 32 Page 19 
sample: HIGH2 
Oceralor: PC 
a n rm Iter: 
Fie: cr,.CAN DICE,HIGH2.SMP 
started: 20l07:3Xr3 tO:4S:t£P1W 
Coirpteted: 20,'07,'a009 t7:433BPM 
F*pert Time: 31'07,'2IXB 17:4724PM 
Warm Free spa*: 6.72tt arAkkKwed 
Equllbratkin Inkr.al: 5 s 
Sairpfe Cenaltji-: tjoooj'an^ 
Anaf/isfi Ad90iptr.-a: N2 
Arar/Bls BalfiTetrp.: -19R®0 "C 
SBrnc^eMaaa: o.ceosg 
CoU Free Spaoa: 2t.tl29 cm^Maasursd 
Low Prwsura Dcse: None 
AUomatlo Degaa: No 
Dubinin Heports 
pnmar/ Data 
4034- Fewer than 2 ponia a, atatite lor Ctblnln calculaucns. 
PreparaticfB tailed In pnirar/ data. 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Full Be port Set 
TtBlarSOOOVS.O? A UrtM Poll 1 Se(lal*:2ia2 Page20 
sample: MIGH2 
OpefBtor: PC 
Sibinitar: 
Fie; Cr....\CANDICBHIGH2.SMP 
Started: 2CV07f2M)910:42:1 SPM Analyst Adaaipthie: N2 
Complated: 20/07^200917:43SePM Anawis a am Teirp.: -l9&aoo "C 
napcrt Time: 2af07/2DCS 17:4724PM Sample Maa:: O.DQOlg 
Warm FTee^pace: 67211 arPMareired CoU Free Space: 21.1123 cm'Maaaured 
EqullbtBtlon Intarval: 5s Low PtBssurs Dose: None 
Sairpta Danalty: 10OO Automatic Degas: No 
MP-Method Reports 
Pitmav Data 
4059- F^werinan2 pontamellaUetorMP-Matliod calculaUons. 
Full Be port Set 
Tnstaraooove.o'A Urttl Poitl serai*:2132 Page22 
Sample: HIGH2 
Operator: PC Sibii^ tlar: 
Fie: CS...',CANDICBHIGH2.SHP 
Started: 2CV07/20(» lO:42:iePM Anatyse AdsoiptMe: N2 
CoirpletEd; acvoi7.'200g 17:4SSBPM Anahak Bath Tetro.: -19ELS00 "C 
Ffepofl Time: ZXtSTtaxs 17:47 24PM sample Masa: o.oaoa g 
Warm Free ace: 6.7211 orf K^astred Cold Free Space: 21.1128 on'MaaBUied 
EqullDnatlon Intaival: 5 s Ljqw Prassura Dose: None 
Sairpla Density: IjOOO Automatic D e ^ : No 
Summaiy Report 
Surface Aiea 
Single pain sutace area at pp ' - 0.188990776:1 es.ceSQ 
BET SuiaoaAtea: 182.0491 tiA^ 
t-angmurSim>e Area: 265.64^7 ntA^ 
VPtn Micropore Area: 19726 m?g 
BJH AdsopUon oumulatka surtace araa ot pores 
tBtween 1.7000 nmandaoojiooo mt dametsr: 245.7159 nt% 
BJ H Daaoipllon cumulatt/a aurtace araa ol pores 
Patween 1.7000 nm and acoaooo rm dameter: 286.2911 
Poie VaUine 
single point adsoipllon tolEl pore volume at pcres 
laas than 64.6637 nm diameter at pp ' - 0.969152544: 0576845 ctrAlg 
Poie SBe 
Adaoplton auaiage pore wldtn (4WA by BET): 1156633 nm 
BJH Adaxptian averaga pare nsmata-f^VfA): affiS4 nm 
BJH Deeocptkin ewsraga pore damater<4WA): B.182B nm 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
b) Aluminium oxide with intermediate surface area (A-I) 
TlrB1arS0O0V6.07A 
Full Be port Set 
u m i Poit1 senai«:2i32 Paget 
Sample: IMTERI 
OpefBtor: PC 
sujinujar: 
Fie: Cri...',CANDICESINTEH1.SMP 
started: law.'aOM 12:56a9PM 
Convkfted: 15'07,'2039 18:3424PM 
FtepoftTlme: 2£V07,'SD09 10:2D5aPM 
Warm (Tee Space: 7.1705 cmP Maasired 
Equllbnatbn Intstval: Ss 
sairpb Knslty: uooo ('on' 
Analysis Adaotpiw: N2 
Ana^b BalhTeirfi.: -1961800 "C 
Sent pie Masa: 0.1067 g 
Cold Free Spacs: 22.8446 ctn^MaasuiBd 
Low Ptessuie Doss: None 
Automatic Degaa: No 
naahe 
PnBBSire Ipspi 
iBotherm Tabular Report 
Absolute auantit/ BepsedTlina puliation 
Pressure Adactted in:innl PreBBire 
(itmHg) (cm4fg STP) (TnirHg) 
76a77197 0039 
0.010269489 7.32527 16.5460 0030 
D.032E55934 S4.7720S 33.0054 00jS3 
0.0621 SQoeo 47.31465 22.2753 0035 
0.075416153 89.66930 23.2103 oose 
0.099671716 75.78930 24.2711 ooaa 
0.119518061 80.87067 25.1743 oom 
0.1»ESS542 106.20212 35.0154 01 m 
0.189602381 121.45534 26.8141 0103 
0.179639412 128.70537 27.5953 01304 
0.199705768 151.883(£ 25.8536 OIK* 
0.247011707 187.88943 30.1250 01 OS 
0.299338468 229.18632 32.1197 0109 
0.3S0460001 268.72177 34.0931 0111 
0.%?B4@2B0 302.BQ2Ce 36.0218 01 na 
0.4474654612 340.67808 33.1937 01:15 
0.497086534 378.35626 40.5618 01 ne 
0.548607109 416.03640 43.1974 01M9 
0.695967916 483.63950 46.2S1 0121 
0.645140Q13 481.030GG 49.6094 0123 
0.693379966 689.20208 54.2335 0136 
0.749360939 57047235 61.4547 01 a i 
0.797327187 607.02636 71.4025 01 as 
0.816782269 621.87036 77.6747 01:40 
0.645068966 645.7S5E5 93.4708 01 
0.871000773 668.30908 115.2430 01 ss 
0.898231482 684.14551 171.0460 0210 
0.821662184 702.09943 231.7732 0222 
0.845214985 720.15136 287.6800 0234 
02*0 
0.871229982 740.0055' 344.7055 0231 
0.891637921 785.65465 3S3.7094 0233 
0.832323070 786.48335 281.3057 0235 
0.884848784 750.44567 355.4298 0239 
0.889238968 73947534 353.0813 oazo 
0.853070282 726.19038 317.1653 0303 
0.829064185 707.08932 315.3833 0&M6 
0.805713574 680.03368 294.0066 0S24 
0.880288967 670.65QB2 233.2840 0338 
0.856489447 66246233 174.2950 0532 
0.830210764 63243948 109.6471 0409 
0.795389076 609.17568 90.8974 0422 
0.748165548 668.37523 83.4808 0430 
0.689663944 625.33513 54.8934 0436 
0.647420589 483.18668 50.3338 0439 
0440 
0.686204505 448.82570 45.7063 04)42 
0.684824814 422.39417 43.7250 04)44 
0.6(8672976 
n 
389.66330 
a j j -7-sn.ic 40.8206 no jfinh 04:46 
7S1.950SS 
761.72302 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Trisiarscoove.cF A 
Full Report Sel 
u m i Poiti Serm«:2l32 Page 3 
Sample: 1NTER1 
Ocerator: PC 
atMKar: 
Fie: Cr.,,.'.CANDICE,INTER 1.SMP 
SlanaJ: ia'07,'£lX« 12:56aEPM 
Coirpfeled; ia'07.'2C09 18:342<IFM 
FSpCfl Time: aV'OT.'SOCB 10:SD3aPW 
Want! ReeSpace: 7.1705 on^lifeasired 
EqullbiBtUn Inkr.al: 5 s 
Sampfe C«nBI(/: IjOOO jcm' 
AnBf/s6 Adsoiplr.-e: NS 
Anat^ ^k BaBi Temp.: -195800 % 
Sample Mass: 0.1067 g 
CoU Free Spacs: 22.8446 cmiMsaaurad 
Low Pressure Ctea: None 
AHomalK De^^: No 
13011*rm Linear Plot 
UTERI - AdacfiMon 
HTER1 - DsSfDtpllon 
I 
- - - ! - + + + - - + • 
+ 
I I I I I I I 1 I 0.4 0.3 o;6 
R6)ar.« Pressure ili'pl 
0.7 OM 
TnSlaraO(BV6.CF A 
Full Report Set 
u m i Poitl Seflal*:2lS2 Page 4 
Sample: INTER1 
Opefetor: PC 
siDrniter: 
Fie: cr,. ..'iG^N DICE,INTER 1 .SMP 
Started: ia'07,'a0O9 12:66afiPW 
Camp tat Kt: law.'SKB 19:3424PW 
Ftepcft Time: 2a'07,'2009 10:2DS3PW 
'iVarm ReeSpa»: 7.1705 ctrfkkasirKl 
Equlicrstcn Inter.-al: 5 s 
sampte DsnsIf/: moo yon' 
AnaJ/^ B Adaorptr.-e: N2 
Anat/Bls Bath Temp.: -19&800 "C 
Sample Mass: 0.1C67 g 
CoU Free Spaa: 22.8446 ciTi»»,teaaurad 
Lw Pressure Cose: None 
AJtoiratc Degaa: No 
BET Surface Area Report 
BET Surtax Area: 102.1737 ±01576 m¥g 
Slope: 0.042260 ± 0000065 ^Cm»STP 
Y-lnterospt: 0.M0S46± 0.COCCO9 (tcm^STP 
C: 123.127183 
am: 23.47racnWgSTP 
Cofi3iaiicnc«inci9ni: o.99e«29 
MatecularCrcss-SecdcriaJArea: 0.1620 nm= 
Reiatf/e Quenllt/ 
Pressure Adacrted 
fPk'P') (crn^gsm 
0.0621 BOOBO 22.2765 0.002976 
0.CP8416153 23.210B 0.003666 
0.009571716 24.2713 0.004556 
0.119546051 25.1743 OIOOG393 
0.13955^542 26.0154 aoo62a6 
0.1G9602391 26.8141 01037083 
0.179538412 27.6968 aoo78a6 
0.199706766 28.3586 a 036799 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrISlarSOODVS.CF A 
Full Re port Set 
Urtti Port1 Seflal#:2132 Pages 
Sample: INTER1 
ocerator: PC 
SUJrrttter: 
Fie: CS...',CANDICBINTER1.SMP 
sianed: la'oz'aoog 12:6639PM 
Compiled: ia'07,'aC09 ia:3424PW 
FBpcfi Time: 2CV07.'2as 10:2033PM 
Warm Reespace: 7.1705 anf Msasired 
equllbiBtbn lnkr,al: 5 s 
Sample Density: laoo ycm' 
.^ nafy-sB AdmiplN'e: N2 
Anaf/^is Bamreirp.: -195.900 % 
SEmpieMaas: 0.1067 g 
CoH Free Space: 22.8446 cm^ Measured 
Low Pr^sure Dose: None 
AUoirallc Cegas: No 
SETSurtflceAiea Plot 
+ IMTEH1 
a 
3 - OJOW-
004 o.ne aoe 0.10 a i 2 Reletr.e Pr^ure fp'pl O . U 0.16 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TreiarSOOOVe.CF A 
Full Be port Set 
Urttt Portt SerBJ«:2132 Page 5 
Sample: INTER1 
Oceretor: PC 
Sii) [Utter: 
Fie: C;,...',C4NDICBINTEmi.SMP 
Started: 14'07,'2(M9 12:E6aEPM 
compblaa: ia'07,'aK» ta:3424PM 
Ftepcd Time: 2C('07.'2HB 10:S0SaPM 
Warm Reespas: 7.1705 
Equllbnstbn lnbr,al: 5 s 
Sairpte Censlf/: tHOO ycm' 
AnBlysb Adnipth'e: N2 
Anaf/ate Balti Temp.: -195800 "C 
Sample Mass: 0.1057 g 
CoU Free Spaoa: 2£9446 cm» kbaaured 
bDW Pressure Dose: None 
Automatic C^gaa: No 
BET Isotlterm Plot 
INTER1 - BET EquaUHl 
2,K» 
£• 
p 
1,5C» 
a 
o 
1jW 
+4 
+,-h 4- 4" H j- 4 4 
-i-ri I 1 i' I I i-i I I n-
0.3 0.4 0.3 0 .6 
ReiatNie Pressure itk'p®! 
+ + 
0* 0^ 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Tretaraooove.CF A 
Full Re port Set 
Uilt1 RDItl Saiai*:213a Pages 
Sample: i n t e r i 
OpgfEtor: PC 
SUinntter: 
Fie: » . . . ' . cand icb in teb1.smp 
StBrted: laOT.'aOM 12:56a£PM 
Compiled: laW.'SCCB 19:34.24PM 
FBCCfl Time: 2a'07,'2DW 1Ci:2033PM 
Warn FreeSpsx: 7.1705 cnffAeasu-ed 
EqullbiBtUn Inkr.al: 5 s 
Sample Censlt/: 1.000 j'cm= 
Anafj^S AdBoiptrrt: N2 
Arar^iis Bam Temp.: -195.900 "C 
SempleMass: 0.1067 g 
CoU Free SpaE»: 22.9446 cm^Msasured 
Low PrasEura Dose: None 
ALtoinallo Degaa: No 
Langmulr Suifao; Ai«a Plot 
+ INTEA1 
aa-1 % 
E 
+ 
— I — I — I — I — I — r -
a 20 
-I—I—I—I—I—I—I—I—:—I—I—I—I—I—I—I—I—I—I—I—I—r-
4 B GO 8 0 1 0 0 1 2 0 1 4 0 
Pressure iTnmHg) 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
•msiaraoQove.oeA 
Full Be port Set 
Urtt1 Poitl Sertalj!:2132 Page 9 
Sample: INTERl 
Opefior: PC 
Siiiirlllisr: 
Fie: C.V..SCANDICBINTEH1.SMP 
sierted: ia'07;aD09 i2:G6agpiwi 
comp^ed: ismzm ia:3424PM 
RaportTlrie: acvo(7/2D09 10;aDS3PM 
Warm Ffse Space: 7.170S orVHaastred 
Equllbiftlon Inkival: S& Sairpb CerralV: IjOOO gfcnf 
Anaysia AdaDiptlua: N2 
Ana^ iBls Bern Tamp.: - m s a o "C 
Sample Mass: 0.1067 g 
CaU Free Space: 228446 cm^Maasured 
Low Prsssure Dose: None 
AUnmallc Degaa: No 
t-Plot Report 
Micropore Vctmie: ao038l7 cnftg STP 
MIcrcporaArea: loaeoamRg 
Extemal SirHace Aiea: 81.4630 iiMg 
Slope: 60.143366 ±0561294cnflmri STP 
Y-Intefcepl: £532628 ±0106051 CUflgOTP 
cmelalloncceincteiil: 0%ee41 
Surm^e AreaCorractlon Factor: l.ooo 
Danalty coiMosUn Fader: 0.0016468 
Total Surlare Area (EETi: 102.1737 nA9 
TWOtness Range: aasooo nrn 1o O.bOOOO nm 
TTlcKness Equation; HaiHInsand JUIB 
t - [ i 3 S B ; [0.004- o g p p D r o a 
ReWNe staBaiiiai auantly 
(cmigSTP) 
0.010263468 0.26306 16.6460 
0.052565934 0.30324 20.0054 
0.0621 BOO BO 0.33534 22.2786 
0.078416163 0.35036 23.2106 
0.069571716 0.36750 34.2713 
0.119546061 0.38246 25.1743 
0.133566542 0.39864 26.0154 
0.1880081 0.41032 26.6141 
0.179SS8412 0.42382 27.5968 
0.169706766 0.43668 29.3685 
0.347011797 0.46707 30.1290 
0.260938468 0.6D111 22.1197 
0.380450001 0.63467 34.0831 
0.36I7S46SE0 0.66757 36.0218 
0.447465462 0.60418 38.1837 
0.4617066534 0.64377 40.6618 
0.646607168 0.68711 43.1874 
0.685967916 0.73S27 46.2281 
0.645140013 0.78966 49.6094 
296 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TTISIarSaXIVS.CF A 
Full Fie port Sel 
UnKI Poit1 Semi«:2132 Page 10 
Sam^e: IMTERI 
Operator: PC 
Sit) ml tier: 
Fie: Cy..',C4NDICB,INTEH1.SMP 
Starl6<a; i a ' 0 7 . ' 3 M 9 12:56aePM 
Compteled: laoZ'aXB ia:M24Pk4 
Ftepcfl Time: 20i'07,'a0(» 10:2DS3PM 
Warm Free Space: 7.1705 orf kbBired 
Bqullbmtbn ln%r,al: 5s 
Sampte C'enalt/: 1jOM ^ arC 
Anat/sB AdmiplM: N2 
AnaffBls asm Tamp.: -195.900 C 
Sample Mass: 0.1057 g 
CoH Free Space: 22.84-(6 cm: waasuRd 
I m Pressure Dose: None 
AitoinatR Cegaa: No 
4- INTER 1 
fPlot 
HaKlns and Jura 
CP 3D— 
= 2 0 -
1 O 
1 5 -
QJQQ 0 . 0 5 0 . 1 0 
l ^ " l I I 1 1 I I I I I I i I I 
0 . 1 5 0.20 0 . 2 5 0 . 3 0 
" r I 1 1 j M n 
O A ; 0 . 4 0 0 A 5 
micitness (nml 
O.GO 0.65 
1111111 075 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Tnsiar3000 V6.a? A 
Full Beport Set 
Unltl Poiti Se<1al«:2132 Page 11 
Sample: INTER1 
operior: PC 
StfimHar: 
Fie: CV.ACANDICBIMTEni.SMP 
Slarled: ia'07f2009 12:56a9PM 
Ooirplaled: ia'07,'2D09 19:3424PM 
Aapof-nme: 2S3IUHZXS 10:2033PM 
Warm Free Space: 7.1705 cnf Maasired 
OqullbiBtlon Inkrval: ss 
sampteDenalV: 1jOOO@!cm» 
Analysis Adaoiplhs: N2 
Anal^te Bam Temp.: -196i800 % 
SempleMaBa: 0.1067 g 
Cold Free Space: 228446 cm» Maaauted 
Lew Pressure Dose: None 
AUomaUc Degaa: No 
BJH Adsorption Poie Distribution Report 
1-3.54|-6.Mn(p'p'5]'03Sa 
QEfiiEter Rarne: 1.70 cc nm 1o aoaoooo nm 
Adaoibala Properv Fac&r: aK3G0 nm 
Denamy Cotwaslon Faictor: aooi 5466 
Fradbn ol Pores Openal Bolh Ends: aoci 
Pore Diameter Average incrananlal cumUeA e incramsnlEl 
Flange (nm) HanBlerinm) PorewiLme Pcm Volume PoreAraa 
(mrtig) (otwg) (m?® 
CumulaUra 
Pare Area 
(m?G(l 
270.7 - 2 3 2 7 aw.e 0 J 0 1 2 3 1 0 0.012310 0.198 0.188 
2327-6GlO 81.6 0.016057 01027377 0739 0.837 
6a0 - 96.8 4 3 . 6 0.1C0672 a123049 9.233 10.169 
36.8-26.9 29.4 0 . 1 0 2 0 3 6 0 1 2 3 0 0 8 5 13.863 2 4 . 0 8 2 
25.9-2ai 22.2 0 . 1 1 3 7 7 D 0.343856 20.470 44.503 
2ai -16 .9 17.5 0.104343 [1443193 23.656 68.359 
I M - 116 14.5 0J041675 (1438873 11.470 79.329 
13.6- ii.a 12.2 0j026562 (1516435 8.726 6 8 . 5 6 6 
11.3-1012 10.7 0:008556 01526991 3.586 82.142 
105- &2 9.0 0XI1S272 0536264 5.820 88.061 
B 2 - & 7 7.3 OX) 07667 0.546931 4214 102.^5 
6 . 7 - EL7 6.1 0.0CG7S5 a550716 2.474 104.749 
6.7- 5.0 5.3 OJOO0UO 0.553196 1.877 106.626 
5D- 4.4 4.6 0jD01799 01554996 1.KG 108.182 
4 4 - 18 4.1 0J001330 01556326 1.303 109485 
3.9- 16 3.6 0DD1051 01557376 1.167 110.641 
3j5- 3.1 3.2 OD0085S 0.556228 1.QS0 111.662 
3.1 - 28 2.8 OJOOO»6 01553836 0.880 1 1 2 . 5 8 0 
2j8- 25 2.6 OJOGOS32 a55Bi17 0 . 8 1 0 113400 
2 a - 22 2.3 OjOOOCB aS59842 0.725 114.126 
2 2 - 20 2.1 OD00222 QS60064 0.423 114.549 
2 JO- 1.9 1.8 O D Q 0 0 5 2 0.960116 0.108 114.666 
1 J 8 - 1 . 8 1.8 OD00058 0.560174 0.127 114.762 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TTBIaraoOOVS.tF A 
Full Report Set 
Unltl Porti SEnai«:2lS2 
^mple: INTER1 
QperEtor: PC 
sitimiltar: 
Fie: C r . . . , ' , C A N D I C B I N T E R 1 . S M P 
Slaried: ia'07,'20M 12:56aEPM 
Ooirpteled: ia'07,'2009 ia:3424PM 
FteKft Time: 2a'07,'2D09 10:2DS3PN< 
Warn Aree5pa%: 7.1705 ani>Nteasired 
EqullbiBtbn intarfal: 5 s 
Sainpte Denalt/: 1.000 j'cm> 
Page 12 
Ana#b Adaoipir.s: N2 
Analj^B Bam Temp.: -19&900 % 
SBTic^ e Maas; 0.1067 g 
CoU Free SpsM: 229446 ctn^  Measured 
Lew Pressure DtKs: None 
AUtomalc Degas: No 
BJH Adsorption Cumulailw Pore Volume 
5 
30 100 
Poie narreter (nm) 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrtS^aWDVe.CF A 
Full Re port Set 
umi poiti SHlal*:2ia2 P^ e13 
Samoe: INTERI 
Oceraor: PC 
SJjinttar; 
Pie: Cri...'iCANDICBINTEfl1.SMP 
Stalled: ia'07,'aco9 i2:66aePK( 
Compfeled: ia'07,'2009 19:3424PM 
Ffepcft Time: 31'07,'2(XB 10:2033PM 
Warai Free space: 7.1705 anf>r.teasu-ed 
Equllbretbn Intar.al: 5 s 
Sanpte Denalt/: IjOCO j'cms 
Analy&b Ms3jpUf^: N2 
Analjife Bath Temp.: -195.900 'C 
SETipieMass: 0.1057 g 
CoU Pnee Spaa: 229446 cm't^aasuisa 
Low Pressure Dose: None 
Aiioirallc Degas: No 
BJH Adsorption dV.'dD PoneVoluire 
hiTERl 
i OJOI*-
> 
2 
° OXJIO-
+ 
+ + ' 
5 TO 50 
Pore narreter^nml 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Tnsiar30COV6.CF A 
Full Fie port Set 
Unil1 P3iti SEmi«:2l32 
Sampie: INTER1 Opwator: PC SUnnitsr: 
Fie: C.'....'iC^N DICE,INTER 1.SMP 
aarted: ia'C(7,'£0CB 12:563£Pn( 
Cornptelecl: ia'07,'2009 ia:3424PM 
Ftspcrt Time: 3J'07,'£C09 10:30:53PM 
Warm Free Space: 7.1705 cirfkkasu-ed 
Equllbratbn Inkr/al: 5s 
SaFpte Censif/: 1.000 ycm) 
Page 14 
Anaf/sB MmrplN'e: N2 
Analjife BaBiTstrp.: -19&900'C 
Sample Mass: 0.1067 g 
Cold Fres Space: 223446 cm^ Measured 
Low Pressure Dose: None 
ALiomalK Degaa: No 
BJH Adsorption dV.'dioglDi Pore Volume 
UTERI 
•a 
E 0 5 -
I -
s 
S. 
0 4 -
Pore Qameter (nmi 50 100 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
THS1ar3000 V6.1]7 A 
Full Be port Set 
umi Poiti Sa1ali!:21S2 Page 15 
Sample: INTERI 
OpsfBtor: PC 
siCiinliiar: 
Fie: C.1...(CANDICEiim-ER1.SMP 
started: ia07^20CB 12:B6a8PM 
oompkted: law/aoog ia:3424PM 
t^apoflTlme: 2CV(J7.'aH)9 lo:aos3PM 
Warm FTeefpace: 7.1705 cmPMaasured 
EqullbiEtlon Inteival: 5 s 
Sample Density: IjOOO Jem' 
Ana^la Adaoiptha: N2 
Anal^k BalhTennp.: -19&800 •c 
SempleMBSB: 0.1067 g 
Cold Free 5pa»: 228446 cm» Maaaumd 
Low Pressure Dose: None 
AUoinaUc Degaa: No 
BJH Desorpilon Pore DisiflbuMon Report 
t - 3 . 5 4 l - E . ' I n i W l ' 0 3 3 3 
Dtemeter Rarne: 1.7QOO nm to 300,0300 nm 
AdaortDalB ProperV Factor: 0.95300 rni 
DenalV Conveislon Factor: 0.0015468 
Fraction ot Pores Open at Both Ends: aoo 
Pore Diameter Average incremental Cumudke IncnementBl Cumulathe 
Flange (ran) aameter (nm) Pore Volume PcraVoUme Pare Area Fore Area 
(cnwgj tcm*g) (trflfl) (nW9 
270.4- 13Q1 156.0 oaoeez? 0.03932? 0.2*7 0.0*7 
i a a i - 64.4 77.0 oaosne 01013462 0.199 0.446 
64.4-425 49.0 OJ01D192 0.023854 0.832 1.38 
425-27.9 32.2 OJO&172E 0075370 6.421 7.688 
27.9-21.4 23.6 0j06312e AI3BSOA l o . s a 18.320 
21.4- i & g ia.6 01166948 0224457 13.492 39.K12 
1^9-14.1 15.2 0.123945 0.34B303 32.540 E9.S5S 
14.1-11.9 12.8 0.126439 0.474742 39.514 108.656 
11 .9 - l ao 10.8 OJ051718 AS26460 19.211 128.077 
10D- 7.9 37 0X124370 11550830 11.254 139.331 
7.9- 6L4 6.6 0J0D7318 AS5B14B 4.221 143.552 
6 4 - 5 5 5.9 0.0014®? 0556635 1.013 144.B56 
5J5- 4.6 5.0 OJ000205 0558840 0.165 144.730 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrtSlarSOODVe.CF A 
Full Report Set 
Urtti Poitt Senal«;2122 
Sample: INTER1 
Op€ftor: PC 
Sitiir(ttsr: 
Fie: a...',CAND(CBINrEH1.SMP 
Slarted: ia'07,'aoo9 12:E63EPM 
CoirpOteO: ia'07,'2C09 13:3424™ 
FBpcfl Time: 2a'07,'a009 10:a033PM 
Warm Free Space: 7.1705 ctrPkkmu'Hl 
Equllbretlon Intar/al: 5 s 
sairpfe Cenalt/: tocoycm' 
P ^ e 17 
AnaT/sB AdBiiipir>e: N2 
Anaf/Bis Bath Temp.: -19&900 "C 
Sampfe Mass: 0.1057 g 
CoU F[£e Spaa: 228446 cm: Meaaured 
Lew Pressure Dose: None 
AUtomalk De-gas: No 
BJH Desorption dV.'dD Pore Volume 
W 0^ 5-
p 
^ OJD25-
Pore aflrTBter(nml 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrBiaraoMve.cp A 
Full Fie port Sel 
unt i Poiti Seflal*:2132 Page 18 
Samc<e: INTER1 
OpefEtor: PC 
sitimitsr: 
Fie: C .^...'.CAN DICE,INTER 1.SMP 
Slarted; ia'07;20M 12;66aePM 
Complal«]: ia'07,'ac09 ia:J4.24PM 
FBpofI Time: 2a'07,'SC09 10:2CI33PM 
Warm Ree^paw: 7.1705 arf f^teMired 
Equllbratbnlnbr,al: 5s 
Sairpte Censlt/: 1500 j'cm' 
Anal'/'sls AdaoipW: Na 
Anafjiils Bam Temp.: -196.900 "C 
SeniF^eMaaa: 0.1067 g 
CoO Free Space: 22.9446 ati^ t<»aaurad 
Low Pressure Dosa: None 
Aitonnallo Degaa: No 
BJH DsBorpilon dV.'dlogiDi Pore Volume 
> 0.S-
E 
~i I I I 
a 10 
Pore Hameterinmi 
TrtSlar3000 V6.07 A 
Full Re port Sel 
Urttl Fort 1 Serlal*:2132 Page 19 
Sample: INTER1 
Ocwior: PC 
Situniter: 
Fie: Cr<...',&4,NDICBINTEA1.SMP 
Started: ia'07.'ac>M 12:B6a6PM 
Competed: ia'07.'20CB 19:3424™ 
Ftepcft Tine: 20'07;20M 10:2D33PM 
Warm FteeSpace: 7.1705 cnV^Maasu-ed 
EqullPretbn Irrtar/al: 5s 
Sample CenslV: 1.000 j'an> 
Anaf,%i3 Adsorpth'e: N2 
Anatjife Bam Temp.: -19&90Q "C 
Sample Mass: 0.1067 g 
Coo Free Space: 22.9446 cm^Weaaursd 
Low Pressure Dose: None 
Automatic Degaa: No 
Dubinin Reports 
Pit mar/ M a 
4034- Fewer tlian 2 pohls a>'El^ t:4e tsr [XDlnln catculaDcns. 
Preparallcoslalted In pitmary data. 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Trisiaraooove.w A 
Full neport Set 
unt1 Porti SErtal«:213Z Page 20 
sample: INTER1 
Operior: PC 
SUbinitar: 
Fie: CA...\CANDICBINTEH1.SMP 
Started: ia'07/2K» 12:5B3GPM 
oompieited: ia'a7;20O9 ia:3424PM 
FtepoOTlme: 2(V07f2009 10:2DS3PM 
Wanti Ree Space: 7.1705 arPMaasifed 
Equllbretlon Irttetval: Ss 
Sairpb Danariy: 1JQ00 gicnf 
AnaYsB AdsoipUra: N2 
Analysis Bam Temp.: -195800 % 
SBfnpleMasB: 0.10B7g 
Cold Free Space: 2aS446 cm^Maasuied 
IJOW Pressure Dose: None 
Atiomatk Degaa: No 
MP-Method nepons 
Pitmay Data 
40EB- FMer than 2 pohta wellaUe lor MP-Mathod calctilaltors. 
THStaraOOOV6.CF A 
Full fteport Set 
untt Poiti Serial2132 Page 21 
sample: INTERI 
Oper^r: PC 
smmttar: 
Fie: CA. ..SCAN DICBINTER1 .BMP 
Started: ia'07f2D0912:E£:3GPM 
OQirplerled: ia'07/2009 18:3424PM 
Rapcrt Time: 20/07f2009 10:2033PM 
Warm FrteSpace: 7.1705 arPHeasixed 
EqullbiEtlon Inlaival: 5 s 
sairpis Danally: moo 
Analyse Adsoipthe: N2 
Analj^ls Bath Temp.: -13S.800 % 
SempleMaBa: 0.10S7g 
Cold Free Space: 22:8446 on'MeaeuiBd 
LJOW Prsssurs Dose: None 
AiUDmatlc Degaa: No 
Option B Report 
Sample Tube 
Sample TLte: Sample Tliba 
Slem I>anieter: 38 Inch 
Plnsic£lvolmiet»iow itbik: i.oooocm» 
Use isotnennal Jacket: No 
Use Flier %d: No 
Analysla Condltiona 
Preparation 
FBstevacuation: No 
aaoualon rate: &0 nniMj'a 
UnrsBtncOed evacuatlonlmm: &0 mmHg 
^acuatlon tme: a 10 h 
LeeKtesl: No 
Free space 
Ree-vacelype: Maaaursd 
Uwerdewar lor evacuation: Yes 
evacuation ttne: Q10 h 
Outgas teat: No 
p-and lemperatuie 
p'and T type: Maaauis p° at Irtaivals durhg enalysla. Enter lha Analyala 
Betn l^nveratuebelciiT. 
p°and T type: Maaauis p° at irtarvais durtn enahsia. Enter lha Analrala 
Betn l^npoalirie below. 
Temperature: -166 JOO 'C 
Measurement intawel: 120 mn 
Dosing 
Use nrat piessure need dose: No 
Use maxlmmi volume inctennnt: No 
Taigat Interance: &OKarB.OOOmmHg 
EqulllbrBtlon 
EquilDrBtlan Inteivel: 5 s 
MrtmumeqJIbratlondal^alprp^s- a995: EOOa 
Adsoiptlve PropertleB 
AdacrpOve: Ntrpgen 
Madmum menllold preasure: losaoo mml-lg 
Non-uaBii^iBciDr: aoocoeao 
oensl^ cowaislon tactor: aool 5466 
Molecular cnoss-aecnonal area: aiesnm' 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Full He port Set 
-msiar3000 v6. lv A unt1 Poitt sertal«:2132 R ^ e 2 2 
Sample: INTER1 
OpefBtor: PC 
SUJimiter: 
Fie: C). ..\CAN DICBINTER1 .SMP 
Stanal: ia'O7;a0O9 12:E&aePM Ans^is AdsQiptM: N2 
Coirplsited: ia'07.'aXB 19:3424PM Analmte Bain Temp.: -19Ei900 "C 
Report Time: acva7^2c09 10:2033PM sample Maas: 0.10S7 g 
W arm Free 7.1705 cm? Maasired CoH Free spaja: 228446 cm' Maaauisd 
EqullbiGtlon Inktval: S& Low Prassura Dose: None 
a m p k Denalt/: IjOOO ycnf AUnmallc Degas: No 
Summaiy Report 
Surface Area 
SinglepoimsulBca areaalpp'-O.l96705756: Ge.7*e m?g 
BET SuteosAraa: 102.1737 nA% 
LangmurSuraoeAraa: 140.8602 nWg 
t-PMMkfcporaAnaa: 10JSSOS irWg 
BJH AaaopUoncumulailW aunacearaaol pores 
balween 1.7000 nm and 300J3000 rm dameler: 114.7815 
BJ H DaaorpUcn cumulalMe aurlace area ol poree 
Dattreen 1 .Tooo nm and 300joooo rm dameter: 144.7301 nWg 
Pore volume 
Single [nim adaoipllon total pore vduma ol pores 
laaalhan 69.2170 nm dlametsr al pip" - 0.971229992: 0833192 cm^g 
Poie Ska 
AdaapIlonavaiageporewldm(4VyAtiyBET;i: 20il739Enm 
BJH Adsorption SNieraga pore damaler (4WA): 1 B£214 ran 
BJH Deeorptlon averaga para dainalEr(4V/A}: 15.4727 m 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
c) Aluminium oxide with low surface area (A-L) 
TrBiarsooove.CF A 
Full Beport Set 
Urttl Poitl Sertal«:2132 Pagel 
Sample: LaW2 
oper^r : PC 
smniter: 
Fie: Cr....\CANDICBL0W2^M= 
Started: 17,'07,'2009 10:0e:4SPM 
camplated: 17.'07/2009 l1:Be2BPM 
FBpoft Time: 17/07/2009 12;E6St)PM 
Warm F^eeSpace: 7J0632 ctrPMsBsued 
Equllbretlan imatval: 
sairpla Danstt/: UOOO gfcnf 
Ana^b Adaotpw: N2 
Anat^ls BaltiTairp.: -195800 "C 
Sample Maas: 0.4734 g 
CoU Free spaoe: 22W72 ctn'Maaaunad 
Low Pressure Dosa: None 
AUoinallo Degaa: No 
ReletW 
Preesue IMiT 
laotherm Talxilar Report 
Ateolute auentny Qapeeanma Satuiallcn 
Praasura Adaortjed (n:mlnl PreaaiTe 
(imHSl (011*8 STFl ffniTHg) 
7seLasias 0038 
0.011389926 9.61137 0.0631 00*1 
0.0342431 Oa 25.e895& 0.0774 00 *3 
0.0eS7S9777 51.97008 0.0880 0 0 * 4 
0.079909725 6041514 0.0906 00*5 
0.099B7775i 75.51276 0.0941 00 *7 
0.119B22348 80.^181 0.0978 00*8 
0.139607679 105.70166 0.1014 0 0 * 9 
0.199783010 120.B11&1 0.1042 0030 
0.179778341 125.82175 0.1071 00S2 
0.19976*62 151.03168 0.1094 0033 
0.249397016 ie8.&5708 0.1127 0054 
0.299258480 226.25484 0.1148 0036 
0.3491X291 263.86516 0.1158 0057 
0.415363885 316.304&1 0.1172 0038 
0.449234021 339.64423 0.1172 01OO 
0.515005387 381.63896 0.1188 0181 
0.549103612 415.15032 0.1195 01^2 
0.598443678 45245447 0.1213 01:03 
0.649280711 480.13365 0.1271 0105 
0.6981 &W51 627.825B6 0.1356 01306 
0.747967381 565.5172? 0.1476 0107 
0.797759185 603.14734 0.1696 0108 
0.819003724 619.22443 0.1845 01.10 
0.848573984 641.56592 0.2104 0111 
0.873682052 660.55662 0.2394 01.12 
0.898516883 679.32538 0.2850 01.14 
0.823661308 688.328^1 0.3423 0115 
0.848565748 717.164% 0.4071 0116 
0.87326020(2 735.3^21 0.4955 0117 
0.879745469 740.73840 0.5237 0119 
0.839041651 747.78572 0.5911 0120 
0.893758857 751.33325 0.7089 0121 
0.873SP72S5 736.37732 0.5053 0122 
0.833501432 705.77551 0.4121 0124 
0.807OF9705 685.79932 0.3697 0125 
0.831961687 666.60872 0.3284 0126 
0.875427479 661.66868 0.3144 0127 
0.851229982 643.57404 0.2627 0129 
0.826253477 6&t.684g 0.2128 01 ao 
0.600885602 605.68667 0.1831 o i a i 
0.762176116 8 6 8 . 6 ^ 1 0.1S30 0132 
0.702160881 530.66230 0.1303 0124 
0.661 &66513 492.64415 0.1181 0125 
0.5824423% 440.3S666 0.1097 0126 
0 . ^ 1 6 ^ 8 8 401.84424 0.1058 0127 
0.481489170 364.03078 0.1032 0129 
0.431326235 326.10501 0.1021 0 1 * 0 
0.381229842 
n ooinooaoc 
288.23468 
oen QC4 
0 . ( ^ 3 01 *1 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrtSteraWDVS.CF A 
Full Be port Set 
u m i Portl SErUi«:2l32 Page 2 
SamOe: LaiV2 
Opefator: PC 
subirtttar: 
Fie; cr,. ..',CAN DICBLOWZ^hJP 
Slaned; 17,'07,'20% 1O;0e;4EPM 
Compiled: 17,'07,'2009 11;se2spw 
Ftepcft Time; 17,'07.'2D09 12:B63CPW 
'Alarm ReeSpace; 7j063e arf>Nteasu&a 
B;ullDiaon inOrval; 5 s 
Sainpte Cenatt/; 1,000 j'otn! 
AnaJ'/'sIs Adurpir/e; N2 
Analjrafe Ham Temp.; -19&900 K, 
Sample Masa; 0.4734 g 
CoU Free Space; 224972 cm^Msasured 
Low Pressure Dose; None 
AiiOTnallo Degaa; No 
Hdawe 
Pressire 
0.2S0SrK61 
0.2X1661907 
0.180766755 
0 . 1 2 0 * 3 7 5 
Isotherm Tabular Report 
Absolute QuBnttf/ BspsedTlire Salutallon 
PrsEure Adaorted m:iTlnl Presaire 
(cflivg STPl iTnmHg) 
£12.43240 
174.54356 
126.69172 
91.45426 
0.0948 
0.M15 
0.W70 
0.079a 
01 M 
01;4o 
01;47 
01 
TrtSlar3000 V6,0? A 
Full Report Set 
Urttt Poit1 
Sample; L0fiV2 
Opeffitor; PC 
Submitter: 
Fie: C)...',GANDICB,LOW2.SkP 
started: 17.'07,'20M 10:0e;4£PM 
Compiled; 17,'07,'2009 11:ES29PM 
Ftepcft Time; 17,'07,'20CB 12;S65CPM 
Warm Free Space: 7D632 ctrf-Me Mired 
EqullbrBtbn lnbr«'al: 5 s 
Sampte Denalt/: tflOOj'orr' 
Sef1al*:21S2 Page 3 
Ana^B .WsDiptri'a: N2 
Anar/Bis Bam Temp.; -196930 'C 
Sample Masa: 0.4734 g 
Cold Free Space: 22.4S72 cffl= Measured 
Low Pressure Dtee: None 
.Ailomallc Degas: No 
Isoirerm Lirear Plot 
L0'iW2 - Actiofpdon 
La«V2- [ (Miptbn 
£ 
E 0.4-
+ 
-= f c± : : -- + 
t- + + + 
+»-• 
I I I 1 I I I I I [ i I 1 1 I 1 I I I I I I I I I I 1 I L I I I I I [ I I I 1 I I 
1 0.2 0.3 ci4 0.5 a e 0.7 a a o e 
RetBtt.e praKure ip'pl 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
•msiaraooovs.oj'A 
Full Report Set 
Unlt1 Poitl SErlal«:2132 Page 4 
Sample: L0W2 
OpefBtor: PC 
Sitimlttar: 
Fie: C). .ACAN DICBLOWZ^MP 
Started: 17,'C?,'20091o:oe:4ePM 
Competed: 17/07,'2009 11:BB2EPM 
FSpcriTIme: 17,'07/a009 12:66S0PM 
Werm FTee Space: 7j06a2c(rPMaBsurHl 
EqullbtEtlon Irrlarval: Ss 
Sampb Danaiy: laoo^'otf 
Anay&B Adaoiplhia; N2 
Analysis Ham Temp.: -19&900 "C 
SempleMaBa: 0.4734 g 
Cold Free Space: 22.4S72 ctn'Meaaured 
Low PFSssure Dose: None 
AiJnmalb Degaa: No 
BET Surf a e Area Report 
BET SiM&a Area: 03948 ± 0j0Q22 iTffg 
Slope: i0.94i30e±0j06i3429forP 
STP 
Y-lntercspt: 0032836* OOOB47S gKm'STP 
C: 133.004171 
am: 00907 cm^gSTP 
CciTBlallmCMlllcknt: 09986067 
MolactiiarCros&Secllonal Area: 01620 ntrf 
RelalVe QuentlV 1i'|Q4)7p- D] 
Piaasute AdBcrbed 
W ) (offl^ fg STP) 
0.068738777 0.0830 0833825 
0.07990873 0.090G 0960146 
a.099B777St 0.(»41 1.178033 
0.11982846 0.097B 1.891X43 
0.1393(7679 0.1014 1.602332 
0.1B97B8010 0.1042 1.824832 
0.17977^41 0.1071 2047303 
0.189763662 0.1094 2230884 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrSlar3000 V6.GP A 
Full Fteport Set 
unit Poitt Senai«:2tS2 Pag&5 
Sample: LOiVZ 
Operator: PC 
SibMltar: 
Fie: C.',. DICBLO'dVS.SkP 
started: 17,'07,'2009 10:oe:4£PM 
Comcteted: 17.'07,'SD09 11:5e26PM 
Ftepcft Time: 17,'07,'S9D9 12:56:5CPM 
Wann FTeeSpa:®: 7.0632 citf Maastred 
EqullDiaon Intar.al: Ss 
Sampk i:Qna%': taCQ @'cm' 
Anaf/-sB AdsDipiN-e: N2 
Ana»/sl8 Bam Temp.: -t9&900 •€ 
SamiaeMasa: 0.4734 g 
CoU Free Spa%: 224872 cm' Measured 
t ^ ' PrMsurs cose: None 
AUorratfc Degaa: No 
BETSu rftce Ate a Plot 
+ LCWa 
Q. 1-
& 
n 
0^1—I—I—I—I——I—I-
0.00 0.02 0.W 
T—I 1—I—I 1—I—I 1—I—I 1—I—r 
ace 0.10 at 2 
Retsttiie Pressure tp'pl 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrtSlar3a»V6.07 A 
Full fteport Set 
Unit 1 Port 1 Seilal*:2122 Pages 
Sample; L0W2 
Optfator: FC 
Sitimtltsr: 
Fie: Cri.,.',Ck^NDlCELCW£-SMP 
Started: 17,'07.'aM» 10:0e:46PM 
CompKtM: 17,'07,'2009 t1:Se25PNt 
F»pcf1 Tlrie: 17.'07,'2009 12:563CFt.t 
Warm ReeSpas: 7J3632 o f f Msasued 
Equlltnstbn Intar^al: 5 s 
SajTipte Censlf/: UJOOj'cms 
.^ naJirafe AdMiptwe: N2 
AnahysfeHatfiTemp.: -19Ei9D0 <€ 
Sememe Mass: 0.4734 g 
CoH Free Space: 2£4S72 cm: h-teaaurBd 
Lew Pressure DcBe: None 
AUomatkD D e ^ : No 
+ \jyH2 
BET laotderm Plot 
Lavs- BETBquatfcn 
E 
M r - H 4 t t t t " I l+l I '^-A r<-, , 
4 + -- + + .4^ 
OA 0.5 CIS 
OeiBtkie Pressure ipk'p") 
311 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Full Beport Set 
Tns^aocnve.o? A umti Poiti senai«:2i32 Page7 
Sample: LOW2 
OpefBlor: PC 
StDinitar: 
Fie: C\. ..SCAN DICBLOWZ^MP 
Slaned: 17/07/20)9 lo:oe:4ePM Ana^sb AdsoipW: N2 
Coirn^ted: 17/07/2003 n.SBZBPM Bain Temp.; -ISSSOO "C 
RapoflTlme: 17/07/2009 12:563I]PM Sample Maas: 0.1734 g 
Wonn FTeeSpace: 7j0632ctrt>Maa£(iiKl Coo Free space: 224372 cm'Maaauied 
Equlictacian Inbival: 5 s lcmt Pisssuib Dose: None 
SainpkDanal^: ijOOOgfcm) AUotnatlc Degaa: No 
Langmuir Surface Area Report 
Langmur S u i a » Area: Q5479 ± D jOOM MF?g 
Slope: 7.344741 ± 0121108 gfom'STP 
Y-lrtarcspl; 193.15SS?7 ± 12.661270 mmUQ-ffcnfiSTP 
b: 0041131 1/imiHg 
am: 0126Bcin?gSTP 
ConslallonCoeinctsiil: Q^eeao 
MoBoilar CrBseSecUonal Area: 01620 ntrf 
Preaeuis QuEmiV pio 
(rrnih® AHaofttal 
(cm^d STP) STP) 
51.87006 O.OaaO S90.602 
6041514 0.0906 667.912 
75.51276 O.OS41 602.371 
90.59191 0.0979 925.235 
1D5.701B6 0.1014 1042.077 
120.51161 0.1042 1159.270 
135.92175 0.1071 1269.594 
151.08168 0.1094 1390.041 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TnsiaracoDve.cF a 
Full Be port Set 
UrtM Poit1 SefW*:2122 Pages 
Sample: L0W2 
OpefEtof. PC 
smmtter: 
Fie: CS...',CANDICBLOW25M= 
Slflrted: 17/(J7,'aC09 10:!B:4£PN* 
Compbled: 17,'t>7,'£C09 11:Ee2BPS( 
FBfCfl Time: 17,'07,'2009 12:563CPM 
Warm Free Space: 7B632 ctrif P.teasir&d 
Equllbnatiii IntePi'al: 5 s 
Sarrpte censir/: iJDOOj'on' 
Anaf/s6 Msoipltrt: NS 
Anar/^te BamTeirp.: -19&8OC1 "C 
SsmiNeMaas: 0.4734 g 
CoU Free Space: 22.4372 on^KteasutBd 
Low Pressure Cose: None 
AUoiralC Degas: No 
Lsngmulr Surfaos Area PI01 
1/W»- + LCW2 
P= y 
E 
20 40 60 80 
Pressure itninHgl 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
"msiarsooove.cFA 
Full Report Set 
UnlM Poitt Seflal*:2t32 Pages 
Sample: L0W2 
operior: PC 
siDiiiittar: 
Fie: C?i...'iCANDICBL0W25W5 
started: i7^07i'20D9 ta:ce:4ePM 
Coinplated: 17/07,'2009 l1:6e26PM 
Aaport-nme: 17/07/2009 12:563CPM 
Warm Free Space: 7J0632 orPMeasued 
Equllbiatlan IfTteival: 5 s 
Sanpia DenatV: moo ycnf 
Anaty t^a AdsaipUra: N2 
Ana^ls Bam Temp.: -ig&aoo "C 
sempleMaaa: 0.4734 g 
Cold Fiee Space: 22.4972 cm'Maaauraa 
Low Pressure Dose: None 
ALiomatB Degaa: No 
hPiotFtepori 
MIcropotaVolinie: 0100CO34 arft'g STP 
MtcTDporaAraa: 009^1 m^g 
EJdamal Sutace Area: 0.3068 m9g 
Slope: Q19B31Bi0012871 cmfanmSTP 
Y-lnteirapt: 0021857* OOOBSaO Hiwg STP 
ConelaUcnCoeinOant: 0997896 
surTsiceAreaConactlon Factor: l.OOO 
Danaiy oorrfaslon Factor: 00015468 
TctalsurtaceAPBa (BETI: 03948 m?g 
TtilcKriKS Flange: 035000 nni to o.EOOOO nm 
TMcKnass Equation: HatHlns and Jura 
[ . [ 1 3 5 8 / ( 0 . 0 8 4 - togjvpl) ] ' 0 5 
Reladve stattatlcal auBiTlty 
Adaoibed 
rcnft'gSTP) 
0.0113BB926 0.26593 0.C631 
0.094243103 0.30545 0.0774 
0.068736777 0.34190 0.0690 
0.0?9906725 0.35164 0.0605 
0.099977754 0.36774 0.0641 
0.119822346 0.36265 0.0678 
0.199807678 0.38681 0.1014 
0.189768010 041044 0.1042 
0.179776341 042371 0.1071 
0.189763662 043S73 0.1094 
0.2493Q7016 046860 0.1127 
0.2992B6480 0.60074 0.1148 
0.349136281 0.6Sa7& 0.1158 
0418363666 0.5B241 0.1172 
0449234021 0.60554 0.1172 
0.519006367 0.66155 0.1188 
0.549103612 0.68941 0.1195 
0.596449676 0.73784 0.1218 
0.648280711 0.78342 0.1271 
314 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrtsiaraooDve.a? A 
Full Report Sel 
UrtM Porti S6flaHi:2122 Page 10 
Sample: LaiV2 
OpecBtor: PC 
SUDmlltsr: 
Fie: Cri...',CANDICBL0W2.SI/P 
Stalled: 17,'07,'2009 10:CC:4SPW 
Oompteted: 17,'07,'ax» 11:se2BPW 
FBpcfl Time: 17,'07,'2(j09 12:B63CPW 
warm Free space: 7.0632 c(rf-r.teasu-ed 
BqulltiBtkin Inter/at: 5s 
Sampta Censiy: 1.oco@'cin: 
Anafji'sia .MBDiptMa: N2 
Analysis Ham Temp.: -195900 % 
Ssmp^eMafla: 0.4734 g 
COM Fiee Space: 224372 cm'Waaauisd 
Lew Piassuia Cose: None 
AUomalfc Degas: No 
t-Ploi 
Hsfklna andJura 
Filed Polnta 
7 
0 0.08-
»-11 I I 11 : I II j I II I I I II I I II ri'|T'JTi"| "IT 
QJOO 0.05 &10 0.13 OJO 0.25 aso OK 0.40 0A5 
TTiiclmwa (nml 
TT I I I I I I I I 
0.55 0.60 055 075 O.BO 
315 
FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
Tr1Slar3000 V6.07A 
Full Be port Set 
umti poiti Sa1al#:2132 Page 11 
Sample: L0W2 
Oper^r: PC 
Sibintter: 
Fie: Cy^SCANDICBUOWZ^hf 
started: i7/a7/SD09 io:ce:4SPM 
cairpteted: w w z x s ll:Ee2BPM 
Ftepcrt time: 17,'07,'2009 12:6630PM 
Warm Free space: 7.0632 cm^KKasured 
EqullbiEtlQii imatval: 5 s 
Sample Density: IjOOO ycm» 
AnaVsB MBQipttre: N2 
Anawis Bam Temp.: -l9E.aoo "C 
SEnipteMasa: 0.4734 g 
Cold Free Space: 224372 ctn'MaaaurBd 
Low Prassurs Dose: None 
Aufciinallo Degaa: No 
BJH Adsorption Pole Distribution neport 
1-3.541-5) ln(ppl]» 0333 
DtBiTieter flarne: 1.7000 nm to 3000000 nm 
Admitiate Proper^ Facfer: 095300 nm 
Denall/ coiveislan Factor: 0.0015468 
Fraction o1 Pores qpen at Botn Enda: OOO 
Pore Diameter Average increirental CumJeOve Inctemental 
Flangafnmi aaiDsiler(nm) Pore volume Poib Volume Pore Area 
(cnmg) fcmYg) (nrtgj 
CumulaUve 
Pore Area 
(irw® 
310.e-17B.2 210.6 0X3X192 QX0192 0.004 O.Xi 
17&2-97.3 115.6 0JDX110 QX0302 0.004 0.007 
97.3.74.1 92.6 0.000046 aX034& 0.002 0.010 
74v1«3ai 46.4 OJOX152 01X0500 0.013 0.023 
38.1-2616 30.4 0X1X114 a x x i 5 0.015 0.089 
26.6-2a 1 22.4 0X)X10B aX0719 0.019 0.G66 
20.1-1&2 17.6 OjOXOS4 0.X0904 0.019 0.GP6 
1&2-116 14.7 OjOXOSS aX0357 0.014 O.OM 
116- 11.4 123 0X1X046 01X0905 0.016 0.1 X 
11.4-1(12 10.7 0J0XQ27 CIX0932 0.010 0.116 
10.2- 12 a.9 OJO00036 0LXGQ5B 0.017 0.133 
&3 7 a 0X)GX17 aX0957 0.009 0.142 
86- 5.3 6.2 000X11 aX099& 0.007 0.149 
6J8- S.0 0XIXX4 0.X1X2 0.003 0.152 
5JO- Z2 OJOODX4 0 lX1X6 0.008 0.160 
22' 21 2.2 OjOXOO? a x i o i a 0.014 0.179 
2.1 - 10 2.1 OjOOXIO CIX1Q22 0.019 0.189 
2 a - 1.9 2.0 OaOOOQB 01X1X3 0.019 0.211 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TriSteraoKiV6.(F A 
Full Report Sel 
urtti Poitl S6f1a)«:2122 P ^ e 1 2 
SamOe: LOW2 
OcefBlor: PC 
SiDirtter: 
Fie: cr,. ..'iCAN DICBLCW2aWP 
SiBJted: 17,'07,'2009 10:Ce:4£PM 
Coirptel6<a: 17.'07,'2009 11:Se2BPM 
FBpcft Time: 17,'07,'2D09 12:563CPM 
W arm Free Spa^e: 7j]6a2 orf Maasu-Kl 
B|ullt,at]tt inkr.al: 5 6 
Sampfe Cenalt/: laOD^'cm' 
Anal>'5l3 AdsDiptr.'s: N2 
Anar/ais Bam Tamp.: -196,900 -C 
SemiHe Mass: 0.i734 g 
CoB Free SpaM: 2S.iS72 cm: kkaaurad 
Low pressure Dose; None 
AUomalC Degas: No 
BJH Adsorption Cumulatl't'e Pore Volume 
LOW 2 
+ 7 -
> 
i 
10 
Pore DaneterCnml 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TTBIarSCOOVo.O? A 
Full BsportSel 
UrtM Poitl Senal*:2l3a Page 13 
Sample: L0W2 
opeffiMr: PC 
SUnTlttsr: 
Fie: CJ...',G'^NDiCBLOiV2.S«' 
Slaried: 17,'07,'2DM 10:0e:4SPM 
Cotrpkted: 17,'07,'2003 11:se26PN< 
Rspcfl Time: 17,'07,'2009 12:563CPM 
•A'arm Ree Space: 7.0632 cnf kkBstred 
EquilbiBtion intsrval: 5 s 
^mple C^nBir/: 1:000 j'cm' 
.^ naf/£ta Adsoiplh's: N£ 
.'.naty f^e BamTsrrp.: -195.930 'C 
SsmpeMaas: 0,47Mg 
Cow Free Space: 224972 cm' MsaBunad 
Lew Pressure Dcks: None 
AUnmallo Degas: No 
BJH Adsorption dV.'dD PoneVoiums 
LOA'2 
+ 
-=r-
4 -+ • + 
"T I I I I I I T"! r I I I I I i~ 
S 10 50 1 00 
Fore Qairetef (nm) 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TnsteraooDve.CF A 
Full Fteport Set 
Urtti Poitl S6mi*:2132 
Sampf: Law2 
Operator PC 
Sib in Iter: 
Fie: Cl..',C,ANDICBLG«25fc»= 
P ^ e U 
Slarted: 17,'07,'2009 ia:ce:4Sf=M 
ComptelEd: 17,'07,'2D[)9 11:E826FM 
FtefOl Time: 17,'a7,'2009 12:S63CPM 
'Warm R-eeSPKs: 7X1632 cnff.KKired 
EqullbiEtbn InOr/al: Ss 
Sampte Cenalt/: laco^'cm' 
Anafi-sB Maoiplf«ie: N2 
Arar/'BIs Bam Temp.: -19&900 "C 
SBmpieMasB: 0.4734 g 
CoH Free Spaa: 2 £ « 7 2 cm= t,teaaurad 
Law Prassure Kse: None 
Aiiomalfc Cegaa: No 
BJH Adaorpilon dV.'dlog;!}! Pon? Volume 
LQ'iV2 
- 4 ^ 
e Oixas-
S o.oco»-
2 
10 
pore aariBtei'nmi 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TMStaraoOOVS.OP A 
Full Be port Set 
unti Poiti Ser)al«:2132 Page 15 
Sample: LOW2 
Operator: PC 
siAirtltsr: 
Fie: CA. ..',CAN DICBU3W23W 
sianed: i7.'07^aoo9 ia:De:4ePM 
Campled: 17,'07/2009 11:5e2EPM 
Fteport Time; 17,'07/2009 12:6630PM 
Warm Fiiee Space: 7X1632 arc fcteaajiHl 
EqullbiEtkin interval: 5 s 
Sample Derail/: 1JD00g/ar>> 
Ana^B Adaotpiw: N2 
Analysis Bam Temp.: -19R900 "C 
SonpleMssB: 0.4734 g 
Cold Free Space: 22W72 ctn'MaasuiBd 
Low Prassuie Dose: None 
AUtamalb Degaa: No 
BJH Desorpilon Pore Distribution Report 
1-3.Si|-5,'lmt»fp'5]"0333 
OBnieter Rarge: 1.7000 nm 1o aooioooo nm 
AdBDibats PropefV Facmr: 095300 rm 
DanaMy ComeRlon Factor: 010015468 
Fraction ol Pores Open al Bain Encb: aoo 
Pore Diameter Avera^a Incremental CumLisdve InciernernBl cumulaiva 
Range (nm) Dtamsrler (nm) Pcre volume PoeVoUrne Pore Area Pore Area (cnrtg) i'cm*0 CiTrtgj 
31019-7&2 oa.e OJOOO@43 0000343 0.015 0.015 
7612-30.5 35.4 Oj000161 a000505 0.012 0.083 
aaS-220 24B OJQOOQ75 aooosao 0.012 0.045 
220-17.5 19.2 0J0GOO75 a0006S4 0.016 0.061 
17.6- 16L6 17.0 OJOOOOSS aoooesa 0.007 0.066 
l & e - 1 1 8 15.0 0X100102 a0007fi5 0.027 0.085 
119-110 i2.e OJOX101 aooodss 0.031 0.128 
1 2 0 - l a s 11.1 OjG00059 0000944 0.021 0.147 
105- 14 9.2 OJ000054 0000993 0.024 0.171 
7.0 7.5 0.000041 Q 001039 0.022 0.182 
7jO- &8 6.4 0.000017 aoolow 0.011 0.203 
5:9- 4.9 5.3 OJ000004 0001060 0.003 0.206 
4 a - 24 2.5 OXICCOQI aooio6i 0.002 0.20Q 
2A- 21 2.2 0.000006 a001067 0.012 0.219 
2.1- 1.9 2.0 0.000016 a0Q1034 0.033 0.2S2 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TreiaraOBVS.CF A 
Full BeportSel 
Urtt1 Poit1 Sei1al*:2132 P^e16 
Sample: LaiV2 
Opefetor: PC 
sicnlttar: 
Fie; C.',. DICGLO'A'Z.SWP 
Started: 17,W,'3009 10:0e:46PM 
Complsted: 17,'07,'2009 ll:Be26PW 
Rapcfl Tlnie: 17,'07,'a009 12:563CPM 
Warm ReeSpace: 7.0632 cnfkbastred 
Bgullbmtlon Inkr.al: 5 s 
Sampte Censlt/: IjOCD^ctns 
.AdsorpK.B: N2 
Bam TeiTip.: -196.3)0 "C 
Semite Mass: 0.4734 g 
CoU Free SpaDs: 2ZW72 cm^ kteasuiBd 
Low Pr^sura Cose: None 
AUomalk Degas: No 
BJH Desorptlon Cumulailve Pote volume 
LO,V2 
+ 
+ + 
%• oxxxe-
> 0.0005-
S 
£ 
—1 :—I—I—\—I—I I I I I I I I I 
2 4 € -S 10 20 
Pore CHanBter ilnml 
40 60 
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FLUX RESPONSE TECHNOLOGY: A universal tool for material characterisation 
TrBlaraOMVe.CF A 
Full Be port Sel 
Urttl Poitl Serial 2122 Page 18 
Sample: LOW2 
oper^r: PC 
SiCiiTilIter: 
Fie: Cri...'iGANDICEL0W2-SWP 
SlBTted: 17.'07,'2Dra 10:ce:4SPM 
Compiled: 17,'07,'20% 11:BS2EPM 
FBpcfl Time: 17,'Ci7,'a0O9 12:S63CPW 
'A am Free 3ace: 7:0632 cm? P,teKU'e<l 
Equilbratbn Intep.al: 5 s 
Sample Density: 1jOM j'cm^ 
.^ na^ fSB Msoiplfis: N2 
Anatels Bam Tamp.: -196.900 "C 
Sample Mass: 0.4734 g 
CoH Ftea Siaoa: 22.4J72 cm' Maasurad 
Low pressure [<6a: None 
Auton^fe; Degaa: No 
EJH Desorptlon OV.'dloglDl Pore Volutro 
> 
2 
£ 
E 8 10 20 
Pore aanBterinm) 
TnSterM<»V6.(I'A 
Full Bepon Sel 
Unlt1 Poitl S6ftel*:2122 Page 19 
Sample: LOHl 
Opcfiior: PC 
Sib ml Her: 
Fie: cr,...',Ci^NDICeiL0W25W= 
Slatled: 17,'07,'2)009 10:0S:4EPM 
Compterled: 17,'07,'aDCH 11:5825PW 
Fepcft Time: 17,'07,'£0CB 12:S63CPM 
W arm Free Spa^e: 7j06a2 orV^  l.fessued 
EqiillctEtlon Imlar.-al: 5 s 
Sample Censit/: 1 a 00 yon' 
Anat/S6 .Adsoipir.ie: N£ 
•Anahils Bam Temp.: -196.930 "C 
SempleMaBs: 0,4734 g 
CoU Free Spa^e: 224972 cm^hKaaursd 
Loft- Pressure C'ose: None 
Automatic Degas: No 
Dublnm Reports 
Pninar/ Data 
4034- Feviertnan2 poma z/aiaPleRr ctcinin calculallcns. 
Pneparallcns tilM In pilirar/ c^la. 
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Full Re port Set 
Trtsiarsooove.a?A umtl Porti s e n a n i i z i s z Page20 
Sample: LOW2 
OperAor: PC 
SiDnmitar; 
Fie: CJ...\CANDICBLOW2^W 
Stined: 17,'07/2009 lo:oe^48PM A n o ^ b AdBOipllra: N2 
Complaled: 17,'07/2009 11:6e26PIM Anat^B Dam Tamp.: -19&«)0 "C 
FtepolTlme: 17/07/20M 12:B6SCFM SempieMBBB: 0.4734g 
Wann Ffeespace: 7J0632 arf^Maasured CoU Free Space: 224972 cm'Msasuied 
Equllbretlon Intaival: 5 s Lcwr Prsssura Dose: None 
Sample Danally: 1.000 ^csr? Automatic Degas: No 
MP-Msthod Reports 
Prlmar/ Data 
40GB- Fewer man 2 poMs ayellaMe lor MP-Mathod calculations. 
Full Report Set 
"msiaraoo0V6.07 A u n t i Poi t i Seriai#;2i32 Page21 
Sample: L a w 2 
Opene r : PC 
smimuBr: 
Fie: C.-i...\CANDICBLjDW2.SW 
started: 17/07/2009 10:0e:4£PM Anaysb Adaarptwe: N2 
Complated: 17/07/2009 1l:Ee2BPM Analysis Bam Temp.: -l9&aoo "C 
BaportTtme: 17/07/2009 12:665CPM Sample Maaa: 0.4734 g 
Wann F r e e ^ a a : 7j06a2ciTf kkast red coU Fise Space: 224972 an^Maaaured 
EqullbrGtbn Intaival: 5 s Low Praesura [>ase: None 
Sample Danalty: l a o o ^ c m ' Aijamatk Degaa: No 
Options Report 
Sample TUIse 
Sample Tibe: Sample Tube 
Slam QaniEter: 38 Inch 
PltyslcslYoHmeCelo* maik: 1.0000 cm^ 
UK isottisnnalJactet: No 
Use Filer mod: No 
Analysia Conditions 
Pieparetlon 
Fast evacuation: No 
Bracuatlon rate; 5 0 mmHS'a 
Unrastncted evacuation tmm: ELO mrnHg 
Evacuation ttne: 010 n 
t ^ t a a t : No 
Free space 
Ree .g iaoehpe: Meaauiad 
Lower dawar lor e v a r u ^ n : Yes 
E/acuatbn time: 0.10 n 
OulgaslaBt: No 
p^and TSmperaturB 
p'^and T type: hteaaurepo at Intervals duttiganayslB. Enter ma AnalyBla 
Beth l^irperal i je below. 
p '^andTbpe: Maasurep 'at Intervals dumganavsis . Enter me AnahBla 
Beth lamperature below. 
Temperature: -IOE.SIX) t 
Measure me nt intaival: 120 min 
Dosing 
Use It rat pressure nxeddoae: No 
Uaa maclmrnivduma inctament: No 
Target batarance: ROWorBiOOOmrnHg 
Equilibration 
Equllbralltininternet: 5 s 
Mrlmum aqJIDrallEin d a l ^ al p p ° > . 0995: 600 a 
Adsoiptlw CropertleB 
Adaorpdve: MDmgan 
Madmum menttaM preeaure: i tsaDO nmHg 
Non-MaatlVlEClDr: aoocoeSD 
Oenst^ cocwarslonlajctor: 00015466 
Molecular cfo^aecuonal area: 0,162 nm» 
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Full Report Set 
TnSlar300CIV6.C7A UrUtl Poitl Senal«:2132 Page22 
Sample: LCW2 
Operetor: PC 
Siti miller: 
Fie: C,',...',CANDICBLCWa^«= 
Started: 17/07/2009 10:0e:4£PM Analysb Adsaiptlve: N2 
compietEO: 17,'07/2009 11 :bb35PM ArahBte Bam Temp.: -195800 % 
Report Time: 17/07/2009 12:B6SCPM Sample Maaa: 0.4734g 
W arm FTae space: 7X)6S2 cm» aired cold Fiee space: 224072 cm* Meaauisd 
EqullbiEtlan INarwal: 5s Lew Pressure Dose: None 
Satrple Density: IXICO ycnf AJninaUs Degaa: No 
Summaiy Report 
sutfiaoe Aiea 
Single poim ar lKa area at pp' • 0.186763852: oasi 2 m g^ 
BET sunacaAraa: 03948 mi/g 
LangmiirSuTacaArae: OS47B m¥g 
l-PM MKrcpotaArea: 00961 m¥g 
BJH AdaapDoneumulalM aunaiceareaot pores 
tielweenl.TOOO nmandacojOOOD mi dameter: 02113 mVg 
BJH DesoipUoncumulalMe aurtaieaiaaol pores 
balween 1.7000 nm and 300X1000 nm dameter: 02526 mVg 
Poie Volume 
Single point adaaiptlon lota pcre volure o\ pores 
tass than 74.3436 nm diameter at p p " . 0.973250202: 000(765 cnfVg 
PoiB Stae 
Adaoprllcn aveiage pore wtdlh (4V/A by BET): 7.76370 rm 
BJH Adsorption aweroga poia damater (4WA): 185460 m 
BJH Deeorptlon aweraga pore damater (4W/A): 17.1GES rin 
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Appendix E: Solid State 
NIVIR Spectra 
Solid state NMR was carried to determine whether there is extra framework A1 in the 
zeolite samples. Comparison of the chemical shifts with data reported in the literature 
confirms that extra framework aluminium is not present in all the samples (Engelhardt 
and Michel, 1988). 
a) MAS NMR Spectra 
-100 -105 -UO -IXS -lao -125 -iJO 
ZSM5 Si/Al = 50 ZSM5 Si/Al = 280 
•«3 -*B W# -130 -DO .1*0 -X$» Bpm 
Ferrierite 914C Si/Al = 20 Ferrierite 914 Si/Al = 55 
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b) MAS NMR Spectra 
140 .130. 120 l i b 100 90 M 70 60 90 40 90 20 10 0 -10 ppm 110 100 90 80 70 $0 $0 40 90 20 10 0 .10 ppm 
ZSM5 Si/Al = 50 ZSM5 Si/Al = 280 
100 » 80 70 so 
I I " 
40 30 20 10 0 -10 -20 -30 ppm 
100 90 80 70 60 60 40 30 20 10 0 ppm 
Ferrierite 914C Si/Al ~ 20 Ferrierite 914 Si/Al = 55 
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Appendix F: Flux 
response profiles for 
ammonia sorption on 
with different Si/AI 
ratios 
Appendix F presents examples of the flux response profiles measured for ammonia 
sorption on aluminium oxides at 77 K. The flux response profiles were measured at 
different mole fractions of ammonia in argon by adjusting the mass flowrate of nitrogen 
in a constant flow of carrier gas using a bubble flow meter and different temperatures. 
Examples of Flux response profiles for ZSM 50, ZSM 280, FERR 914 C, and 
FERR 914 
2.0 
1.8 -
1 . 6 -
1.4 -
S 1 2 -
ro 1.0 -
'II 
0.4 -
0.2 -
0 . 0 -
ZSM 50 
Mole fraction of ammonia in argon = 0.0417 
Temperature = 25 °C 
( T U ni_ T1 T1 11 
L r 
0 2000 4000 
Time (s) 
6000 
1.8 
1.6 
1.4 
, 1 . 2 
- 1 . 0 
,0 .8 
0.6 
0.4 
0 . 2 
0.0 
ZSM 50 
Mole fraction of ammonia in argon = 0.0417 
Temperature = 75 °C 
L r 
l u 1 1 _ T1 
jr 
rri 
2000 4000 6000 
Time (s) 
2.0 
1.8 
1.6 -
g 1.0 
0.8 
0 .6 -
0.4 -
0 . 2 -
0.0 
ZSM 50 
Mole fraction of ammonia in argon = 0.0417 
Temperature = 50 °C 
t l t l 
8000 2000 4000 
Time (s) 
6000 8000 
ZSM 50 
2 5 , Mole fraction of ammonia in argon = 0.1096 
Temperature = 100 °C 
2 . 0 -
S 1 . 5 -
(0 
0.5 
0.0 
800C 2000 4000 
Time (s) 
6000 8000 
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2.0 
1 . 5 -
1.0 -
S 0 . 5 
ra 0.0 
CO 
- 0 . 5 
- 1 . 0 -
- 1 . 5 -
ZSM 50 
Temperature 100°C 
500 iwm 1 5 0 0 
PI 
L_2ooo 2 5 0 : 3500 
Time (s) 
FERR 814C 
2.6 1 Temperature lOCC 
g 1 . 4 
5, 
m 0.6 
0.2 
-0 .2 
-0 .6 
m Dn 
500 
m 
1000 f 1500 2000 / 2500 3000/ 350( 
Time 
2.5 1 
2 . 0 -
1 . 5 -
> 1 . 0 -
m 
O) 0 . 5 -(0 
0 . 0 -
0 . 5 ' 
1 . 0 -I 
FERR 914C 
Temperature 200°C 
m m 
5 0 0 0 0 1 5 0 0 BOO 3 0 0 0 3 5 0 C 
2.5 1 
2 . 0 -
1 . 5 -
> 1 . 0 -
TO 
cn 0 . 5 -
(0 
0 . 0 -
( 
U b -
1 4 J 
FERR914C 
Temperature 300°C 
5 0 
PT ni 
J_A4fl^0 15 'XLJ^OO 
Time (s) 
(XX) 3500 
2.0 
1 . 5 
1.0 
I 0 . 5 
0.0 
- 0 . 5 
- 14 
FERR914C 
Temperature 400 *C 
m 
Xo 
m m 
_ W o o 35c 00 500C 
2.0 1 
1 . 5 -
1.0 -
i 0^  -
0 . 0 
- 0 . 5 -
- 14 
FERR 914C 
Temperature 450 °C 
11 PI "n 
1 50C 15C 0_^_2a6o 25 !e_>-3l/00 3500 
2.0 
1.5 
1.0 
2 
g 0.5 g 
0.0 
-0.5 
-1 .0 
FERR914C 
Temperature 100 °C 
ni m 
100( 
m 
2001) 
Time (s) 
300(1 4000 
3.5 
3.0 -
2 . 5 -
S 2 . 0 -
1 . 5 -
1 . 0 -
0 . 5 -
0 4 ' 
Temperature 200 °C 
"n 
1000 2000 
Time (s) 
3000 
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3.0 1 
2.5 -
2.0 -
s 
"S 1.5 -
^ . 0 -
0.5 -
0 . 0 -
FERR 914C 
Temperature 300 °C 
0 500 1000 1500 2000 2500 3000 
Time (s) 
3.0 n 
2.5 -
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u: 
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1.U -
0.5 -
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Appendix G: Flux 
response profiles for gas 
permeabilities of polymeric 
membranes 
a) Accumulation profiles for single component permeation: hydrogen 
permeability of proton exchange membranes 
2.2-
2.0 -
1.8 -
1.6 -
i ' -
. 1 , 1 . 0 -
^ 0.8 -
0.6 -
0.4 -
0.2 -
0.0 -
Nafion 117 
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, 1 . 4 -
- 1 . 2 -
, 1 . 0 -
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0.6 
0.4 -
0.2 -
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Accumulation time (min) 
Nafion 115 
2 b#r 
k kk 
Nafion 115 
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v_ LL^ V LL L 
Accummulation time (min) Accumulation time (min) 
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0.40 
0.35 
2 0 . 3 0 
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•^0.20 
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0.05 
0.00 
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l . l 
0.50 1 
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0.40 -
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g 0.30 -
1 0.25 -
s 0.20 -
0.15 -
0.10 -
0.05 -
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Nafion 212 NRE 
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Accumulation time (min) Accumulation time (min) 
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b) Accumulation profiles for binary component permeation: carbon 
dioxide/hydrogen permeability of Nafion 117 
0.70 
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0.50 -
^ 0.40 -
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o) 0.30 -(O 
020 
0.10 
0.00 0 1000 1500 2000 2500 3000 
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Appendix H: Statistical 
analysis of the 
accumulation profiles for 
the measurement of gas 
permeabilities 
Table 3: Areas of accumulation peaks for the hydrogen permeabilities of fuel cell membranes 
Relative 
Membrane 
material 
Partial 
Pressure 
{bar) 
Accum. 
Time 
{min) Run 1 Run 2 Run 3 Mean 
Standard 
Deviation 
Standard 
Deviation 
(%) 
Nafion 117 2 10 1.2389 1.0223 0.9330 1.0647 0.1573 14.78 
30 1.0160 1.7386 2.0771 1.6106 0.5420 33.65 
60 7.6369 4.6704 4.5690 5.6255 1.7427 30.98 
4 10 1.2216 1.1456 1.1971 1.1881 0.0388 3.27 
30 5.8480 4.8708 5.9895 5.5694 0.6092 10.94 
60 10.2387 10.0660 8.1291 9.4779 1.1713 12.36 
Nafion 115 2 10 0.9626 1.0070 0.9522 0.9739 0.0291 2.99 
30 2.4384 2.1255 3.5159 2.6932 0.7294 27.08 
60 7.6162 10.6998 6.8444 8.3868 2.0400 24.32 
4 10 1.5965 1.6257 1.7038 1.6420 0.0555 3.38 
30 5.2734 5.2147 5.1063 5.1981 0.0848 1.63 
60 8.9792 9.9234 9.4317 9.4448 0.4723 5.00 
Nafion NRE 2 10 0.1506 0.1091 0.1178 0.1258 0.0219 17.40 
212 
30 0.7738 0.3899 0.5928 0.5855 0.1920 32.80 
60 0.8886 0.7487 0.8186 0.0989 12.09 
4 10 0.1777 0.1881 0.1505 0.1721 0.0194 11.29 
30 1.0609 0.8523 0.8194 0.9109 0.1309 14.37 
60 1.9372 1.4661 1.1892 1.5308 0.3781 24.70 
fumapem 2 10 0.2779 0.3156 0.1808 0.2581 0.0696 26.95 
950 
30 0.93153 0.8818 1.0602 0.9578 0.0921 9.62 
60 1.30182 1.2705 0.9901 1.1875 0.1716 14.45 
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fumapem 
1050 
4 10 0.22544 0.2667 0.2148 0.2357 0.0274 11.63 
30 1.19272 0.7494 0.9847 0.9756 0.2218 22.74 
60 1.55406 2.1701 1.1741 1.6327 0.5026 30.78 
2 10 0.15539 0.1246 0.1137 0.1312 0.0216 16.48 
30 0.07718 0.0607 0.085 0.0743 0.0124 16.70 
60 0.4522 0.3721 0.2249 0.3498 0.1153 32.96 
4 10 0.07722 0.0842 0.039 0.0668 0.0243 36.44 
30 0.20716 0.2127 0.2736 0.2311 0.0368 15.94 
60 1.37182 1.0289 1.2323 1.2110 0.1725 14.24 
Table 2: Areas of the accumulation peaks for the binary permeation of CO2/H2 mixtures 
across Nafion 117 
Mole Relative 
Partial fraction Accum. Standard 
Pressure of C02 Time Standard Deviation 
{bar) in H2 (min) Run 1 Run 2 Run 3 Mean Derivation (%) 
2 0.2 5 0.7182 0.4422 0.7657 0.6420 0.1747 27.21 
10 0.7657 1.1768 1.1624 1.0350 0.2333 22.54 
15 1.2697 1.5028 0.7435 1.1720 0.3889 33.19 
0.4 2 0.2336 0.2385 0.2097 0.2273 0.0154 6.78 
4 0.3686 0.4494 0.5039 0.4406 0.0681 15.45 
6 0.6324 0.5461 0.6345 0.6043 0.0505 8.35 
0.6 2 0.4004 0.3567 0.3341 0.3638 0.0337 9.26 
4 0.5685 0.6543 0.5032 0.5753 0.0758 13.17 
6 0.7225 1.0244 0.8475 0.8648 0.1517 17.54 
0.8 2 0.4123 0.3339 0.3057 0.3506 0.0553 15.76 
4 0.7570 0.5779 0.5773 0.6374 0.1036 16.25 
6 1.1016 0.9211 1.0754 1.0327 0.0975 9.45 
1 2 0.4790 0.4717 0.4314 0.4607 0.0256 5.56 
4 0.8626 0.9358 0.9706 0.9230 0.0551 5.97 
6 1.6556 1.2728 1.5634 1.4973 0.1998 13.34 
4 0.4 2 0.4951 0.5195 0.5339 0.5161 0.0196 3.80 
4 0.8872 0.8110 1.0330 0.9104 0.1128 12.39 
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6 1.2132 1.2232 1.2203 1.2189 0.0051 0.42 
0.6 2 0.5929 0.5206 0.6156 0.5764 0.0496 8.61 
4 1.0301 0.9838 1.0335 1.0158 0.0278 2.73 
6 1.4182 1.5027 1.3762 1.4324 0.0644 4.50 
0.8 2 0.7791 0.8072 0.9133 0.8332 0.0708 8.50 
4 1.4519 1.5508 1.7229 1.5752 0.1372 8.71 
6 2.8390 2.4002 1.9140 2.3844 0.4627 19.41 
1 2 1.6905 1.5990 2.0117 1.7671 0.2167 12.27 
Table 3: Areas of the accumulation peaks for the oxygen and argon permeabilities of food 
packaging materials 
Relative 
Accum. Standard 
Membrane Time Standard Deviation 
Material Gas (min) Run 1 Run 2 Run 3 Mean Deviation (%) 
SI 0 2 3 0.003705 0.003891 0.003357 0.003651 0.00027 7.42 
5 0.004750 0.004919 0.004306 0.004659 0.00032 6.80 
7 0.006615 
A T 3 0.002849 0.002403 0.001922 0.002391 0.00046 19.40 
5 0.003602 0.003484 0.003420 0.003502 0.00009 2.64 
7 0.005130 0.005413 0.004829 0.005124 0.00029 5.70 
CF -1 0 2 3 0.010885 0.010882 0.010882 0.010883 0.00000 0.02 
5 0.016253 0.019813 0.020136 0.018734 0.00215 11.50 
7 0.030325 0.033495 0.033493 0.032438 0.00183 5.64 
Ar 3 0.010326 0.011874 0.011611 0.011270 0.00083 7.35 
5 0.021785 0.018324 0.021679 0.020596 0.00197 9.56 
7 0.031765 0.034050 0.036376 0.034064 0.00231 6.77 
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Appendix I: Flux 
response profiles for 
oxygen permeabilities of 
soft contact lenses 
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